
ANALYTICAL APPLICATIONS 
OF ULTRASOUND 


M.D. LUQUE DE CASTRO 
AND F. PRIEGO CAPOTE 



TECHNIQUES AND INSTRUMENTATION IN ANALYTICAL CHEMISTRY — VOLUME 26 


ANALYTICAL APPLICATIONS 
OF ULTRASOUND 



TECHNIQUES AND INSTRUMENTATION IN ANALYTICAL CHEMISTRY 


Volume 1 

Volume 2 
Volume 3 

Volume 4 


Volume 5 
Volume 6 
Volume 7 

Volume 8 
Volume 9 
Volume 10 
Volume 11 
Volume 12 
Volume 13 
Volume 14 
Volume 15 
Volume 16 
Volume 17 
Volume 18 
Volume 19 
Volume 20 
Volume 21 
Volume 22 

Volume 23 

Volume 24 
Volume 25 
Volume 26 


Evaluation and Optimization of Laboratory Methods and Analytical Procedures. 

A Survey of Statistical and Mathematical Techniques 

by D.L. Massart, A. Dijkstra and L.Kaufman 

Handbook of Laboratory Distillation 

by E. Krell 

Pyrolysis Mass Spectrometry of Recent and Fossil Biomaterials. Compendium and 
Atlas 

by H.L.C. Meuzelaar, J. Haverkamp and FD. Hileman 

Evaluation of Analytical Methods in Biological Systems 
Part A. Analysis of Biogenic Amines 

edited by G.B. Baker and R.T. Coutts 

Part B. Hazardous Metals in Human Toxicology 

edited by A. Vercruysse 

Part C. Determination of Beta-Blockers in Biological Material 

edited by V. Marko 

Atomic Absorption Spectrometry 

edited by J.E. Cantle 

Analysis of Neuropeptides by Liquid Chromatography and Mass Spectrometry 

by D.M. Desiderio 

Electroanalysis. Theory and Applications in Aqueous and Non-Aqueous Media and 
in Automated Chemical Control 

by E.A.M.F. Dahmen 

Nuclear Analytical Techniques in Medicine 

edited by R. Cesareo 

Automatic Methods of Analysis 

by M. Valcarcel and M.D. Luque de Castro 

Flow Injection Analysis - A Practical Guide 

by B. Karlberg and G.E. Pacey 

Biosensors 

by F. Scheller and F. Schubert 

Hazardous Metals in the Environment 

edited by M. Stoeppler 

Environmental Analysis. Techniques, Applications and Quality Assurance 

edited by D. Barcelo 

Analytical Applications of Circular Dichroism 

edited by N. Purdie and H. Brittain 

Trace Element Analysis in Biological Specimens 

edited by R.FM Herber and M. Stoeppler 

Flow-through (Bio) Chemical Sensors 

by M. Valcarcel and M.D. Luque de Castro 

Quality Assurance for Environmental Analysis 

edited by Ph. Quevauviller, E.A. Maier and B. Griepink 

Instrumental Methods in Food Analysis 

edited by J.R.J. Pare and N.M.R. Belanger 

Trace Determination of Pesticides and their Degradation Products in Water 

by D. Barcelo and M.-C. Hennion 

Analytical Pyrolysis and Natural Organic Polymers 

by S.C. Moldoveanu 

Sample Handling and Trace Analysis of Pollutants 

edited by D. Barcelo 

Interlaboratory Studies and Certified Reference Materials for Environmental Analysis: 
the BCR approach 

by Ph. Quevauviller and E.A. Maier 

Molecularly Imprinted Polymers 

Man-Made Mimics of Antibodies and their Applications in Analytical Chemistry 

edited by B. Sellergren 

Acceleration and Automation of Solid Sample Treatment 

M.D. Luque de Castro and J.L. Luque Garcila 

Analytical Pyrolysis of Synthetic Organic Polymers 

S.C. Moldoveanu 

Analytical Applications of Ultrasound 

M.D. Luque de Castro and F Priego Capote 



TECHNIQUES AND INSTRUMENTATION IN ANALYTICAL CHEMISTRY — VOLUME 26 


ANALYTICAL 
APPLICATIONS OF 
ULTRASOUND 


M.D. Luque de Castro and F. Priego Capote 

Department of Analytical Chemistry, Marie Curie Building 
Campus of Rabanales, University of Cordoba, 14071 
Cordoba, Spain 



ELSEVIER 


Amsterdam - Boston - Heidelberg - London - New York - Oxford 
Paris - San Diego - San Francisco - Singapore - Sydney - Tokyo 



Elsevier 

Radarweg 29, PO Box 211, 1000 AE Amsterdam, The Netherlands 
The Boulevard, Langford Lane, Kidlington, Oxford 0X5 1GB, UK 

First edition 2007 

Copyright © 2007 Elsevier B.V. All rights reserved 

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form 
or by any means electronic, mechanical, photocopying, recording or otherwise without the prior writ¬ 
ten permission of the publisher 

Permissions may be sought directly from Elsevier’s Science & Technology Rights Department 
in Oxford, UK: phone (+44) (0) 1865 843830; fax (+44) (0) 1865 853333; email: permissions@else- 
vier.com. Alternatively you can submit your request online by visiting the Elsevier web site at 
http://elsevier.com/locate/permissions, and selecting Obtaining permission to use Elsevier material 

Notice 

No responsibility is assumed by the publisher for any injury and/or damage to persons or property as a 
matter of products liability, negligence or otherwise, or from any use or operation of any methods, prod¬ 
ucts, instructions or ideas contained in the material herein. Because of rapid advances in the medical 
sciences, in particular, independent verification of diagnoses and drug dosages should be made 

Library of Congress Cataloging-in-Publication Data 

A catalog record for this book is available from the Library of Congress 

British Library Cataloguing in Publication Data 

Luque de Castro, M. D. 

Analytical applications of ultrasound. - (Techniques and instrumentation in 
analytical chemistry; v. 26) 

1. Ultrasonics 2. Chemistry, Analytic 
I. Title II. Capote, F. Priego 
543.1’9 


ISBN-13: 978-0-444-52825-4 (this volume) 

ISBN-10: 0-444-52825-3 (this volume) 
ISSN 0167-9244 (series) 


For information on all Elsevier publications 
visit our website at books.elsevier.com 


Printed and bound in The Netherlands 

07 08 09 10 11 10 9 8 7 6 5 4 3 2 1 


Working together to grow 
libraries in developing countries 

www.elsevier.com | www.bookaid.org | www.sabre.org 


ELSEVIER 


BOOK AID 

International 


Sabre Foundation 
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FOREWORD 


Ultrasound is an energy source that has potential for enhancing many steps in an analy¬ 
sis, yet analytical chemists generally have limited knowledge of this. Over forty years ago, 

I remember using an ultrasonic probe to disrupt cells in biological samples, not realizing 
this type of energy has many other useful applications. In fact, I was pleasantly surprised 
when the ultrasonic toothbrush (another type of probe) appeared on the market (invented 
by a University of Washington dentist) and thought, why didn’t I think of that! This book 
lays the foundation for practicing analytical chemists to think similarly of ways to exploit 
ultrasound energy. 

Professor Luque de Castro and Dr. Priego Capote have assembled a vast amount of 
information about ultrasound, and this unique book is timely, given advances in ultrasound 
equipment and demonstrations of how this energy has been used to enhance various 
steps of analyses, which suggest that more can be done. 

What can ultrasound be used for? It depends in part on the imagination of the analyst. 
But just some examples are: 

• cleaning of apparatus; 

• assisting sample dissolution; 

• facilitating filtration; 

• degassing; 

• assisting derivatization reactions; 

• detection systems; and 

• non-destructive testing. 

Given the limited literature on analytical applications of ultrasound, the authors provide 
information from other sources that suggest ways in which we can use it in the analytical 
laboratory. They discuss the principles of ultrasound and the variables we must consider 
in adapting ultrasound to different problems. 

The book is divided into two parts. Part I deals with the use of ultrasound in sample prepa¬ 
ration, including general aspects of sample preparation of solids, liquids and heterogeneous 
samples (Chapter 2), and ultrasound to assist digestion (Chapter 3), leaching (Chapter 4), 
handling of heterogeneous systems - slurry formation, aggregation, filtration, nebulization, 
defoaming, degassing (Chapter 5), liquid-liquid extraction, homogenization, emulsification 
(Chapter 6), and chemical reactions (Chapter 7). Chapter 8 discusses topics such as 
ultrasound-assisted levitation and its applications, and ultrasound-assisted electroanalyti- 
cal techniques. Part II deals with the use of ultrasound in detection. Chapter 9 describes 
types of ultrasound-based detection techniques, based on sample-ultrasound interactions, 
including transmission, pulse echo, interferometric, resonance, back-scatter Rayleigh 
surface wave and diffraction measurements, among others. Chapter 10 presents exam¬ 
ples on applications of ultrasound-based detection techniques. 

This book provides a wealth of information for those interested in exploiting ultrasound 
to enhance different steps in an analysis and is a recommended reading. 

Gary D. Christian 
Department of Chemistry 
University of Washington 
Seattle, WA 98195-1700 USA 
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PREFACE 


Ultrasound is a ubiquitous form of energy known and used, albeit to a rather disparate 
extent, in many areas of chemistry. Thus, in organic chemistry, ultrasound is used so 
widely - particularly to facilitate synthetic reactions - that it has been the subject matter 
of a number of books. By contrast, no dedicated book on the use of this type of energy 
in analytical chemistry had previously been published. This is quite surprising as ultra¬ 
sound can be of help virtually throughout the analytical process; however, it can be easily 
understood if one considers that few analytical chemists are aware of its enormous 
potential and even fewer have used it for analytical purposes. 

In fact, as shown in this book, ultrasound can facilitate to a greater or lesser extent 
almost every step of the analytical process or even preliminary operations such as clean¬ 
ing labware or degassing solvents. Thus, in relation to solid samples, ultrasound can dra¬ 
matically expedite dissolution, digestion, leaching and slurry formation; and facilitate the 
formation of a solid phase by crystallization or agglomeration, or its separation by filtra¬ 
tion, for example. As regards liquid samples, ultrasound can facilitate or accelerate emul¬ 
sification; the extraction, formation or separation of a gas; and a variety of derivatization 
(complex formation, hydrolysis, redox) reactions. In addition, ultrasound is the underlying 
principle of some detection techniques widely used in medicine but very scarcely known 
by analytical chemists. 

The authors’ primary aim in writing this book was to provide an overview of appropri¬ 
ate length to help analytical chemists assess the potential uses of ultrasound in a variety 
of chemical fields. Another aim was to discuss ultrasound-based detection techniques in 
a systematic manner in order to clear the enormous confusion around some concepts. 
The authors would like to apologize in advance for any significant omissions resulting from 
the vast scope of the topic and the absence of analytical chemists with whom to discuss 
some specially elusive aspects of ultrasound. As long as readers believe the book 
provides them with an up-to-date, balanced description of the potential of ultrasound in 
analytical chemistry, the authors’ will feel rewarded for the effort. 

Finally, the authors would like to express their gratitude to Antonio Losada, MSc, for his 
linguistic revision of the manuscript. 


The Authors 
Cordoba, May 2006 
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CHAPTER 1 

Introduction: Fundamentals of Ultrasound 
and Basis of its Analytical Uses 

1.1. INTRODUCTION 

Ultrasound (US) is simply sound pitched above human hearing that is used at present 
for a growing variety of purposes in diverse areas. At home, ultrasound is typically used for 
communication with animals (dog whistles), as well as in burglar alarms, anemometers and 
jewellery cleaners. In hospitals, doctors use ultrasound to remove kidney stones without 
surgery, treat cartilage injuries and image fetal development during pregnancy. Ultrasonic 
scalpels are used by surgeons to cut precisely where they want without exerting any pressure. 
In industry, ultrasound provides an effective tool for synthesizing fine chemicals, emulsifying 
cosmetics and foods, welding plastics, cutting alloys, large-scale cleaning and identifying 
flaws in concrete buildings. Figure 1.1 shows the sound ranges and the principal fields of 
use of ultrasound. Humans can hear frequencies from about 16 Hz to 18 kHz. The broad 
range of ultrasound in the figure, which spans frequencies from 20 kHz to the GHz range 
(i.e. usually lower for gases than for liquids and solids) can be split into two distinct regions, 
namely: a power region and a diagnostic region. The former, on the low-frequency end, allows 
enough acoustic energy for cavitation to be produced. Cavitation is the origin of sono- 
chemical effects. Practical sonochemical frequencies usually range from 20 to 40 kHz simply 
because this is the range typically afforded by laboratory equipments. However, because 
acoustic cavitation in liquids can be generated well above the previous frequencies, recent 
sonochemical research and equipment development activities have involved a much broader 
range (see Fig. 1.1). High-frequency US — which possesses a low amplitude and power — 
from around 5 MHz and above produces no cavitation, so it is used for medical scanning, 
chemical analysis and the study of relaxation phenomena, among other applications. 

Specialists in ultrasound such as Mason [1] have identified three main “strands” in 
ultrasonics research, namely: 

(1) Sonochemistry with its origin in chemistry and physics. This includes traditional 
applications such as synthesis, catalysis and fundamental studies of cavitation involv¬ 
ing mainly academia, and also more recent uses such as environmental protection 
(both biological and chemical), material science (new catalytic materials, improved 
extraction, crystallization, new methods in polymer technology), electrochemistry 
(providing improved plating electrosynthesis and electroanalysis) and biotechnology 
(modification of enzyme and whole-cell activities). 

(2) Power ultrasound with its origin in engineering and processing, which includes cleaning, 
welding and materials processing at the industrial level. 

(3) Diagnostic ultrasound for non-destructive testing and medical scanning, which has 
aroused much interest in both academia and industry. 

According to Mason, mutual connections between the three strands can help strengthen 
and expand research. He has identified three areas where such connections exist, namely: 
(i) the use of focused ultrasound in cancer therapy, where the development of transducer 
arrays is linked to the physical effect of power ultrasound and the sonochemically 
improved performance of chemotherapeutic agents; 
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(ii) the design and production of nanoparticles, which links sonochemistry to ultrasonic 
precipitation and the surface effects of cavitation; and 

(iii) chemical engineering, where designing a sonochemical reactor entails conducting 
a sonoluminescence study. Analytical chemistry is one case in point that is concerned 
with the three strands, namely: 

(1) sonochemistry, which is widely used in sample preparation procedures 
(e.g. digestion, leaching, liquid-liquid extraction, derivatization, etc.); 

(2) power ultrasound, which facilitates cleaning, degassing, filtration, etc. on the 
analytical laboratory scale; and 

(3) diagnostic ultrasound for deriving analytical information from the behaviour of US 
towards a particular system. 

Traditionally, the community of scientists engaged in US work has been divided 
into those who use ultrasound for measuring without altering the medium (as with 
high-frequency, low-power ultrasound for non-destructive testing) and those who exploit 
it to produce physical or chemical effects on the medium (high-power, low-frequency 
ultrasound in sonochemistry). Analytical chemists mainly belong to the latter group, but 
are increasingly joining the former. 

According to sonochemists, sonochemistry has reached a time for change [2]. The 
members of the European Society of Sonochemistry (ESS) are beginning to ask what the 
best role for ESS in the future would be. The aim should be to expand the horizons of 
sonochemistry while maintaining chemistry as one of the core interests [3,4]. In past 
years, a number of processes involving US have deemed unfit for inclusion under 
the umbrella of sonochemistry, even though they are still of interest to the chemical 
community. 

In the meantime, analytical chemists have identified further uses of US; thus, an 
increasing number of analytical processes have been facilitated or improved by the use 
of ultrasound and new, more interesting modes of ultrasound-based and ultrasound- 
assisted detection have been developed. However, only part of the analytical community 
has been directly involved in these developments. Possibly, the analytical uses of US have 
not yet come of age; however, it may be an appropriate time to discuss in a structured 
manner the areas where analytical chemists may find this form of energy, which has so 
far been virtually ignored by most, a useful tool. 

Although, as the name implies, the frequency region in all US applications is always 
beyond the sound frequency, the prefix “sono” and the adjective “acoustic” are commonly 


0 10 10 2 10 3 10 4 10 5 10 6 10 7 



Human hearing 

Conventional power ultrasound 
Extended range for sonochemistry 
Diagnostic ultrasound 



16 Hz -18 kHz 
20 kHz-100 kHz 
20 kHz - 2 MHz 
5 MHz to GHz 


Figure 1.1. Frequency ranges of sound and ultrasound. (Reproduced with permission 
of Wiley-VCH — modified — Ref. [8].) 
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used in this area (e.g. sonochemistry). The authors recommend that, when operating 
at frequencies higher than 18 kHz, the prefix “ultrasono” be used instead of “sono”. 
The change, however, would be rather difficult to introduce; in fact, the latter prefix has 
been used in most US-related publications, so it is retained in this book. 

As the most commonly used analytical effects of US are produced at the kilohertz 
frequency and the devices for producing these effects are either baths or probes, these 
are the subjects of Chapters 1-8, the specific diagnostic or detection range and the 
devices used in it being the subject of Chapters 9 and 10. 

Table 1.1 shows the most general applications of US in alphabetical order. 


Table 1.1. Main general applications of ultrasound. 


Abatement 

Fluidization 

Acceleration 

Foaming 

Agglomeration 

Food dehydration 

Agitation 

Fractionation 

Atomization 

Grinding 

Biological cell disruption 

Homogenization 

Bleaching 

Insertion 

Blending 

Joining 

Bonding 

Levitation 

Catalysis 

Liquids processing 

Cavitation 

Machining 

Cell disruption (biological) 

Mixing 

Cleaning 

Nebulization 

Compaction 

Particle size reduction 

Curing 

Pollution abatement 

Cutting 

Processing 

Deagglomeration 

Reflowing (hot melt adhesive) 

Deflocculation 

Scission 

Degassing 

Separation 

Degreasing 

Size reduction 

Dehydration 

Soldering 

Disaggregation 

Solids processing 

Disintegration 

Solubilization 

Dispersion 

Sonocatalysis 

Disruption 

Sonochemistry 

Dissociation 

Sonolysis 

Dissolution 

Sonoluminescence 

Drying 

Staking 

Emulsification 

Streaming 

Erosion 

Surface processing (as in cleaning) 

Extraction 

Surgical 

Fatigue testing 

Suspension 

Filtration enhancement 

Tissue disruption 

Fine particle dispersion 

Welding (metals) 
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1.2. PHYSICAL PRINCIPLES OF ULTRASOUND 

Being a sound wave, ultrasound is transmitted through any substance, solid, liquid or 
gas possessing elastic properties. The movement of a vibrating body (the sound source) 
is communicated to the molecules of the medium, each of which transmits the motion 
to an adjoining molecule before returning to approximately its original position. In liquids 
and gases, particle oscillation takes place in the direction of the wave and produces 
longitudinal waves. Because they additionally possess shear elasticity, solids can also 
withstand tangential stress and produce transverse waves, where particles move normal 
to the direction of the wave. One example of transverse wave is that obtained when 
a stone is dropped into a pool of water. On the other hand, a longitudinal wave is pro¬ 
duced, for example, when a coiled spring anchored at one end is given a sharp push 
from the other end. The action causes a disturbance in the spring which “runs” through 
the whole length by expansion and compression. If the disturbance in the pool or spring 
is periodically repeated, expansion and compression cycles travelling through a medium 
will occur. Compression cycles push molecules together, whereas expansion cycles pull 
them apart. 

In a liquid, the expansion cycle produces negative pressure that pulls molecules 
away from one another. If the US intensity is high enough, the expansion cycle can create 
bubbles or cavities in the liquid. Such is the case when the negative pressure exerted 
exceeds the local tensile strength of the liquid, which varies depending on its nature and 
purity. The process by which bubbles form, grow and undergo implosive collapse is known 
as “cavitation”. The steps involved in the process are depicted in Fig. 1.2. 



Bubble _Bubble grows in _> Bubble reaches Violent 

forms successive cycles unstable size collapse 



Figure 1.2. Two manners of representing the development and collapse of cavitation 
bubbles. (Reproduced with permission of Wiley-VCH and Elsevier — modified — Refs. 
[8,39], respectively.) 
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The significance of cavitation to sonochemistry is not so much on how the bubbles 
form, but rather what happens when they collapse. At some point, a bubble can no longer 
absorb the energy efficiently from the ultrasound so it implodes. Rapid adiabatic compres¬ 
sion of gases and vapours within the bubbles or cavities produces extremely high temper¬ 
atures and pressures. Suslick [5] estimated the temperature of these hotspots to be about 
5000°C, which is equivalent to that on the surface of the sun. The pressure is roughly 
2000 atm, which is higher than that at the Marianas Trench — the deepest point in the 
ocean. The size of the bubbles is very small relative to the total liquid volume, so the heat 
they produce is rapidly dissipated with no appreciable change in the environmental 
conditions — this is why cavitation is also known as “cold boiling”. The cooling following 
collapse of a cavitational bubble has been estimated to be in the region of 10 billion 
°C/s — a million times faster than that of a red-hot iron rod plunged into water. 
Acoustic cavitation thus provides a unique interaction between energy and matter, which 
has been characterized by using electrochemical, luminescent and photographic 
techniques [6]. 

When cavitation occurs in a liquid close to a solid surface, the dynamics of cavity 
collapse change dramatically. In pure liquids, the cavity retains its spherical shape during 
collapse as its surroundings are uniform. Close to a solid boundary, however, cavity collapse 
is rather asymmetric and produces high-speed jets of liquid. Liquid jets driving into the 
surface at speeds close to 400 km/h have been observed. The impact of the jets on the 
solid surface is very strong. This can result in serious damage to impact zones and pro¬ 
duce newly exposed, highly reactive surfaces. Distortions of bubble collapse depend on 
the surface several times larger than the resonant size of the bubble. 


1.2.1. Factors influencing cavitation 

This section examines variables influencing the cavitation phenomenon in a manner that 
can be adjusted to fulfil specific purposes. 


Gas and particulate matter 

The acoustic pressure needed to cause cavitation in water has been estimated to be 
approximately 1500 atm. In practice, cavitation occurs at considerably lower values 
(<20 atm) as a result of the presence of weak spots in the liquid that reduce its tensile 
strength. There is now sufficient experimental evidence to suggest that one cause of 
weak spots is the presence of gas molecules in the liquid. Thus, degassing a liquid has 
been found to raise the cavitation threshold (i.e. the applied acoustic pressure required for 
cavitation bubbles to form). Increasing the gas content of a liquid lowers the cavitational 
threshold and reduces the intensity of the shock wave released as the bubble collapses. 
Thus, when the primary source of sonochemical effects is cavitational collapse, a bubbled 
gas should be used to produce a large number of nucleation sites. Monoatomic gases are 
preferable to diatomic and polyatomic gases for this purpose. Thus, He, Ar and Ne are 
used in preference to diatomics such as N 2) air or 0 2 ; on the other hand, gases such as 
C0 2 are the most unsuitable. 

The presence of particulate matter — especially that of trapped vapour gas nuclei in 
their crevices and recesses — has also been found to lower the cavitation threshold. This 
is required under these conditions are of paramount importance in the clinical field, where 
ultrasound is widely used in applications such as high-intensity focused ultrasound (HIFU), 
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extracorporeal shock wave lithotripsy (ESWL) and sonodynamic therapy. Also, research 
on bubble and bubble cloud dynamics in the clinical range of ultrasound frequency and 
intensity is an ongoing task [7]. 


External (applied) pressure 

Increasing the external pressure raises the rarefaction pressure required to initiate 
cavitation. The application of external pressures which would cause any suspended 
gas molecules to dissolve, thereby effectively removing the gas nuclei, has also been 
found to raise the cavitation threshold. More importantly, increasing the external pressure 
increases the cavitation collapse intensity and as a result enhances sonochemical effects. 
Qualitatively, there should no longer be a resultant negative pressure phase of the sound 
wave, so no cavitation bubbles should form. 


Solvent viscosity 

Because the negative pressure in the expansion or rarefaction cycle must overcome 
the natural cohesive forces acting in the liquid, any increase in such forces will raise the 
cavitation threshold. One way of increasing these forces is by increasing the viscosity of 
the liquid. Table 1.2 illustrates the influence of viscosity on the pressure amplitude (P A ) at 
which cavitation starts in various liquids at 25°C, at a hydrostatic pressure of 1 atm. The 
effect, though not insignificant, is hardly dramatic. 


Solvent surface tension 

Cavitation requires the formation of a liquid-gas interface. Thus, one might expect the use 
of a solvent of low surface energy per unit area to lower the cavitation threshold. Although 
the phenomenon is not as simple as it may seem, the addition of a surfactant to an aque¬ 
ous solution certainly facilitates cavitation. 


Solvent vapour pressure 

Cavitation bubbles do not enclose a void. During the expansion phase of cavitation bubble 
generation, vapour from the surrounding liquid will permeate the interface. This produces 


Table 1.2. Sound pressure (P A ) producing cavitation in various liquids under 
a hydrostatic pressure of 1 atm. 


Liquid 

77 (poise) 

P (g/cm 3 ) 

c (km/s) 

P A (atm) 

Castor oil 

6.30 

0.969 

1.477 

3.90 

Olive oil 

0.84 

0.912 

1.431 

3.61 

Corn oil 

0.63 

0.914 

1.463 

3.05 

Linseed oil 

0.38 

0.921 

1.468 

2.36 

CCI 4 

0.01 

1.60 

0.926 

1.75 


Reproduced with permission of Wiley-VCH, Ref. [8]. 
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a small pressure within the bubble, thereby reducing the pressure difference between 
cavity and bulk. It is difficult to induce cavitation in a solvent of low vapour pressure 
because less vapour will enter the bubble. A more volatile solvent will support cavitation 
at lower acoustic energy and produce vapour-filled bubbles. Unfortunately, however, 
sonochemical effects are based on the energy produced by cavitation bubble collapse, 
which is cushioned by vapour in the bubbles. Hence, solvents with high vapour pressures 
easily generate vapour-filled bubbles, but their collapse is cushioned and therefore less 
energetic. 


Applied frequency 

As the frequency of irradiation is increased, the rarefaction phase shortens and the ampli¬ 
tude (power) of irradiation has to be increased to maintain an equivalent amount of cav- 
itational energy in the system. In other words, more power is required at a higher frequency 
if the same cavitational effects are to be maintained. This is due to the fact that completely 
rupturing a liquid to obtain voids that may be subsequently filled with gas or vapour requires 
a finite time. With high-frequency sound waves, the time required to create a bubble may 
exceed that available during the rarefaction cycle. At 20 kHz, for example, the rarefaction 
cycle lasts 25 ps and reaches its peak negative pressure in 12.5 ps; at 20 MHz, however, 
the rarefaction cycle lasts only 0.025 ps. One might thus anticipate that, as the frequency 
increases, producing cavitation bubbles during the available time will be increasingly dif¬ 
ficult and increased sound intensities (i.e. greater amplitudes) will have to be employed 
over the shorter periods to ensure that cohesive forces in the liquid are efficiently over¬ 
come. This effect is illustrated in Fig. 1.3, which shows the variation of the threshold inten¬ 
sity with the frequency for both aerated and gas-free water. As expected, the threshold for 
aerated water is lower than that for gas-free water, and the threshold intensity increases 
with increase in frequency. In fact, ten times more power is required to make water cavi¬ 
tate at 400 kHz than at 10 kHz. For this reason, frequencies in the range 20-50 kHz have 



Figure 1.3. Variation of the threshold intensity with frequency in aerated (a) and 
air-free water (b). (Reproduced with permission of Ellis Horwood, Ref. [25].) 
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traditionally been used for cleaning purposes and subsequently been found useful in 
sonochemistry. As can be seen in Fig. 1.3, little additional energy is required to cause 
water to cavitate at 50 kHz relative to 10 kHz. Below 18 kHz, however, there may be some 
noise discomfort to the user since this frequency is within the audible range. This is why 
sonochemical applications normally involve frequencies above 20 kHz. 


Temperature 

In general, the cavitation threshold has been found to increase with decreasing tempera¬ 
ture. This may in part be due to an increase in either the surface tension or viscosity of 
the liquid as the temperature decreases, or to a decrease in the liquid vapour pressure. 
Increasing the temperature facilitates cavitation at a lower acoustic intensity. This is a 
direct consequence of the rise in vapour pressure associated with heating the liquid — at 
higher temperatures near the solvent boiling point, a large number of cavitation bubbles 
are generated concurrently. The higher is the vapour pressure the lower will be the applied 
acoustic amplitude required to ensure that the “apparent” hydrostatic pressure is 
exceeded. Unfortunately, the effects of cavitational collapse are also reduced as the bubbles 
will act as a barrier to sound transmission and dampen the effective ultrasonic energy 
from the source entering the liquid medium. Therefore, in order to maximize sonochemical 
effects any experiment should be conducted at as low a temperature as possible or by 
using a solvent of low vapour pressure. The mathematical equations that relate these 
variables and their effects on the bubbles are beyond the scope of this book and can be 
found elsewhere [8]. 


Intensity 

The sonication intensity is directly proportional to the square of the vibration amplitude 
of the ultrasonic source. As a rule, increasing the intensity increases the sonochemical 
effects; however, the ultrasonic energy a system can take is limited. Thus, cavitation 
bubbles, which are initially difficult to create at the higher frequencies as a result of the 
shorter duration of rarefaction cycles, are now possible by virtue of the collapse time, 
temperature and pressure on collapse being mutually dependent. However, the sonication 
intensity cannot be increased indefinitely as the maximum possible bubble size is also 
dependent on the pressure amplitude. As the pressure amplitude is increased, bubbles 
may grow so large on rarefaction that the time available for collapse will be inadequate. 
In fact, it has been unequivocally established that: 

(1) A minimum sonication intensity level is required to reach the cavitation threshold. 

(2) When a large amount of ultrasonic power enters a system, the solution produces a 
large number of cavitation bubbles many of which coalesce into even larger, longer- 
lived bubbles that will hinder the transport of acoustic energy through the liquid. 

(3) At high vibrational amplitudes, the US source will be unable to maintain contact with 
the liquid throughout the cycle. This is technically known as decoupling and consider¬ 
ably reduces the efficiency with which power can be transferred from the source 
to the medium. Decoupling is especially strong when large numbers of cavitation 
bubbles build up at or near the emitting surface of the transducer. 

(4) The transducer material used in the sonicator will eventually break down as the size 
changes in the transducer grow large enough to fracture the material. 
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Field type 

Acoustic cavitation is empirically known to be induced much more efficiently and repro- 
ducibly in a standing wave field than in a progressive one; also suspended particles 
exposed to an ultrasound standing wave are known to be driven by an axial force to 
concentrate in nodal or antinodal planes. This phenomenon has received substantial 
attention in recent years. 

The magnitude of Rayleigh microstreaming convective drag on microparticles in water 
in a 3.2 MHz ultrasonic standing wave has been shown to be comparable to the lateral 
direct radiation force in the nodal plane and to significantly influence microparticle aggre¬ 
gation [9]. Using single half-wavelength chamber the transducer was excited in order 
to obtain a single particle aggregate with an estimated sound pressure amplitude of 
0.5 MPa; the microstreaming velocity in the nodal plane was calculated from the particle 
image velocity and found to be comparable to the value obtained in the light of Rayleigh’s 
theory. Further evidence of the significance of microstreaming was provided by the 
fact that the velocities for particles 1 and 25 pm in size were similar in magnitude, but 
opposite in direction. 

Recently, this phenomenon was found to be induced at a relatively low ultrasonic 
intensity, even with progressive waves by the second harmonic overlapping the fundamen¬ 
tal one [10]. This finding is of paramount importance as regards the clinical applicability 
of US, and also in sonochemical uses involving systems sensitive to high ultrasound 
intensities. 


Attenuation 

For a variety of reasons, the intensity of US is attenuated (i.e. decreased) as it progresses 
through the medium. Part of the energy is dissipated in the form of heat, which is hardly 
appreciable in the bulk medium during sonication. The extent of attenuation is inversely 
proportional to the sonication frequency. This can be illustrated with the case of sound 
attenuation through pure water. Thus, US at 118 kHz is reduced to half its original inten¬ 
sity after passing through 1 km of water. At 20 kHz, the distance required to achieve the 
same reduction in intensity is much greater (30 km). Therefore, obtaining identical inten¬ 
sities in a medium at a given distance from an ultrasonic source at variable frequencies 
entails using a higher initial power in the sources with the higher sound frequencies. 


Types of ultrasound cavitation 

Depending on the particular type of bubbles, ultrasound cavitation can be transient or 
stable. In the transient type, also known as inertial cavitation, bubbles are either voids or 
vapour bubbles, which are believed to be produced by intensities above 10 W/cm 2 . They 
exist for one, or at most a few acoustic cycles, and expand to a radius of at least twice 
their initial size before collapsing abruptly on compression and often disintegrating into 
small bubbles. The smaller bubbles formed can act as nuclei for further bubbles or, if their 
radius is sufficiently small, they can simply dissolve into the bulk solution under the action 
of the very large surface tension forces present. The lifetime of transient bubbles is 
believed to be too short to allow any mass flow by diffusion of gas into or out of the bub¬ 
bles; by contrast, evaporation and condensation of liquid are believed to occur freely. 
In the absence of gas to cushion the implosion, the bubbles will collapse highly abruptly. 
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Theoretical considerations by Noltingk and Neppiras [11], subsequently expanded by 
Flynn [12] and Neppiras [13], that assume adiabatic collapse of the bubbles, allow the 
temperature and pressure within the bubble at the time of total collapse to be calculated. 

Stable or non-inertial cavitation was at one time thought to be of little significance in 
terms of chemical effects. Thus, stable bubbles are believed to contain mainly gas and 
some vapour, and to be produced at fairly low intensities (1-3 W/cm 2 ); also, they are 
assumed to oscillate, often in a non-linear manner, about some equilibrium size over many 
acoustic cycles. Their timescale is sufficiently long for mass diffusion of gas and thermal 
diffusion to occur, and hence for evaporation and condensation of vapour, which are 
bound to have significant long-term effects. Differences in mass transfer rate across the 
gas-liquid interface may result in bubble growth. The mechanism by which small micro¬ 
bubbles in the liquid — which normally dissolve instantly under surface tension — grow is 
termed as “rectified diffusion”. In the expansion phase of the acoustic cycle, gas diffuses 
from the liquid into the bubble; in the compression phase, gas diffuses out of the bubble into 
the liquid. Because the interfacial area is greater in the expanded phase, inward diffusion is 
greater than outward diffusion and results in overall growth of the bubble. As the bubble 
grows, the acoustic and environmental conditions of the medium will change and the 
bubble may become a transient bubble and collapse — less abruptly than a vapour-filled 
transient bubble, however, as the implosion will be cushioned by the gas. 

Tests involving new, more sophisticated measurement tools have provided new inter¬ 
pretations and equations for the cavitation phenomenon [14,15]. The thermal and non- 
thermal effects of non-inertial cavitation, and the chemical and mechanical effects of inertial 
cavitation in relation to their impact on ultrasound safety have recently been investigated [16]. 

Cavitation is not exclusive of ultrasound. Thus, hydrodynamic cavitation can simply 
arise from passage of the liquid through a constrictor such as a throttling valve, orifice 
plate, Venturi tube, etc. On passage through the constrictor, the kinetic energy — velocity — 
of the liquid increases at the expense of the pressure. Various types of hydrodynamic 
cavitation reactors have been reported and their most salient features reviewed [17]. 
Also, the effects of ultrasound and hydrodynamic cavitation on oxidation processes have 
recently been compared [18]. 


1.3. CHEMICAL ASPECTS OF ULTRASOUND 

The high temperature and pressure created within a collapsing cavitation bubble pro¬ 
duced by US radiation cause the formation of free radicals and various other species; 
thus, sonication of pure water causes its thermal dissociation into H and OH radicals, the 
latter forming hydrogen peroxide by recombination [19-21]. These radicals constitute 
one of the essential pieces of evidence for the phenomena classified as sonochemistry. 
Table 1.3 shows the main reactions occurring in water irradiated with US. Some of the 
radical species generated, which have been detected in a number of ways including spin 
trapping, have been cited as potential pollutant destruction agents on the grounds of their 
extremely high redox potentials (e.g. E° = + 2.8 V for OH radicals [22]. There is less evidence 
for the behaviour and detection of H-, even though, in principle, it is produced in amounts 
equivalent to those of OH- in the primary solvent degradation step (see Table 1.3). The 
two radicals are rather different in chemical nature, however. Thus, the OH radical is 
known to initiate a number of reactions in solution; by contrast, the H radical can be 
rapidly captured by molecular oxygen. If the water contains some salt such as potassium 
iodide [23] or copper sulphate [24], then other free radicals in addition to the species in 
Table 1.3 can be expected to be released. 
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Table 1.3. Principal free radicals produced during ultrasonic irradiation of water 
and their reactions. 


H 2 0 —> OH* + H- 
0H- + H-^H 2 0 
2 OH- -> H 2 0 2 

oh- + oh-^h 2 + o 2 

2 H- -> H 2 
2 OH- O- + H 2 0 
2 0-^0, 

H 2 0- + 2H-^H 2 0 + H 2 
H 2 0- + H 2 0- + 0 2 -> 2H 2 0 2 
HO- + H 2 0 H 2 0 2 + H- 

Additional reactions in the presence of oxygen 
0 2 ^ 2 O- 

0 2 + 0* —> O3 

0 2 + H-^OOH-(orOH- + 0) 

0- + 00H- ^ 0H- + 0 2 
O- + H 2 0 -» 2 OH- 


Another major chemical phenomenon related to ultrasonic cavitation is sonolumi- 
nescence, by which a tiny light is formed in a cool liquid. This form of light emission 
results from the high-temperature formation of reactive chemical species in excited elec¬ 
tronic states. Emitted light from such states provides a spectroscopic probe for the cavi¬ 
tation effect. Some electrical and thermal theories on this phenomenon have been 
reported [25]. 


1.3.1. Some rules of sonochemistry 

Based on the existing sonochemical literature, ultrasonic irradiation seems to have been 
developed on a practical rather than on a theoretical basis. Justification for enhanced 
reactivity and process acceleration in general were largely rationalized by using the intu¬ 
itively straightforward “hot spot” approach. Critics of ultrasound regarded it merely as a 
super-agitation tool. Careful examination and classification of published material on sono¬ 
chemistry have allowed an empirical classification to be established [26,27]. While the 
classification focuses on the chemical effects of sonochemistry, it should also be recog¬ 
nized that, in some cases, US does act in a mechanical sense and provides outstanding 
results through super agitation. Occasionally, the mechanical and chemical effects occur 
simultaneously. The three rules derived from published material on sonochemistry are as 
follows [8]: 

- Rule 1 applies to homogeneous processes, and states that the reactions which are 
sensitive to the sonochemical effect are those that proceed via radical or radical-ion 
intermediates. This means that sonication can effect reactions proceeding through 
radicals and that ionic reactions are not likely to be modified by such irradiation. 
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- Rule 2 applies to heterogeneous systems, which are more complex and where reac¬ 
tions proceeding via ionic intermediates can be stimulated by the mechanical effects of 
cavitational agitation. This has been termed “false sonochemistry”, even though many 
industrialists may argue that the word “false” is incorrect here because if ultrasonic 
irradiation assists a reaction, the reaction is indeed assisted by sonication and thus 
“sonochemical”. In fact, the true test for “false sonochemistry” is that similar results 
should, in principle, be obtained by using an efficient mixing system in place of sonica¬ 
tion. Such a comparison is not always possible, however. 

- Rule 3 applies to heterogeneous reactions with mixed mechanisms (i.e. radical and 
ionic). These will have their radical component enhanced by sonication, even though 
the general mechanical effect from Rule 2 may still apply. There are two possible 
situations for heterogeneous systems involving two different mechanism paths. If the 
two mechanisms lead to the same product(s) (i.e. the process is “convergent”), the sole 
effect will be an increase in the overall rate. On the other hand, if the radical and ionic 
mechanisms lead to different products, then sonochemical switching will be possible 
through a favoured radical pathway. In such “divergent” processes, sonication actually 
changes the nature of the reaction products. 

Note that a very high-speed stirrer can have effects similar to those of sonication on 
heterogeneous systems. This may well be a case with the processes induced by hydro- 
dynamic cavitation rather than acoustic cavitation [28,29]. 

The physical effects of ultrasound in relation to analytical chemistry have not yet been 
rationalized. 


1.4. TYPES OF ANALYTICALLY USEFUL ULTRASOUND DEVICES: 

ADVANTAGES AND DISADVANTAGES 

The source of high-energy vibrations in ultrasonic equipment is a transducer designed to 
convert either mechanical or electrical energy into ultrasound. There are three main types 
of US sources, namely: gas driven, liquid driven and electromechanical. The first type of 
source is used mainly in whistles and sirens. On the other hand, liquid-driven transducers 
are useful in applications where homogenization and efficient mixing are important. 
Finally, electromechanical transducers are the type used in analytical devices, even when 
homogenization and efficient mixing are required. 

The two major types of electromechanical transducers are based on the piezoelectric 
and magnetostrictive effects; the former is most commonly used to power bath- and 
probe-type sonicators. Although more expensive than mechanical transducers, electro¬ 
mechanical transducers are by far the most flexible and widely used. Laser-induced 
ultrasound is a more recent type of transducer. 


1.4.1. The piezoelectric transducer 

The most common way of producing and detecting ultrasound utilizes the piezoelectric 
properties of certain crystalline materials, such as quartz. Figure 1.4 shows a simplified 
depiction of a quartz crystal. If a thin section of the crystal is cut in such a way that the 
large surfaces are normal to the x axis the resulting section will exhibit two complemen¬ 
tary properties, namely: (1) the direct effect (viz. when pressure is applied across the large 
surfaces of the section, a charge of identical size with opposite signs will be produced on 
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zaxis 


Piezoelectric effect 
1 1 



Figure 1.4. The piezoelectic effect as produced by an x-cut quartz. (Reproduced with 
permission of Wiley-VCH, Ref. [8].) 


each face, the polarity being reversed if tension is applied across the surface); and (2) the 
inverse effect (viz. if a charge is applied to one face of the section, then the whole 
section will either expand or contract depending on the polarity of the applied charge). 

Thus, applying rapidly reversing charges to piezoelectric material causes fluctuations 
in its dimensions. This effect can be harnessed with a view to transmitting ultrasonic 
vibrations from the crystal section through whatever medium it might be in. However, it 
cannot drive a given piece of piezoelectric crystal efficiently at every frequency. Optimum 
performance will only be obtained at the natural resonance frequency of the particular 
sample, which depends upon its dimensions. For an x-cut quartz crystal, a transducer 
2.88-mm thick will have a natural frequency of 1 MHz, and one with 0.288-mm thick a 
frequency of 10 MHz. This is why most conventional sonochemistry equipment, whether 
baths or probes, uses a fixed frequency and why no comparative studies at widely differ¬ 
ing frequencies have so far been performed using the same piece of equipment. 
Commercially available modulated, multimode, multifrequency US generators have 
opened the door for this type of test [30]. 

There are many piezoelectric materials besides quartz. Three of the more commonly 
used are barium titanate (BaTi0 3 ), lead metaniobate (PbNb 2 0 6 ) and the mixed crystal 
lead zirconate-titanate. They are ferroelectric compounds ( i.e. they are spontaneously 
polarized and the polarity altered by mechanical deformation). These materials cannot 
be obtained as large single crystals; rather, they are ground with binders and sintered 
under pressure at a temperature above 1000°C to obtain a ceramic material. Usually, two 
elements are combined in order to increase the overall mechanical motion. The use of 
such different types of materials has allowed ultrasonic generators of variable power and 
frequency to be developed for a wide range of applications. 

Piezoelectric devices based on using the so-called “1-3 composites”, which consist of 
an array of piezoelectric pillars embedded in a pliable material providing a transducer in 
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the form of a flexible sheet, have opened up new avenues for development. The fact that 
the emitting face is a combination of ceramic and plastic substantially facilitates acoustic 
transmission into aqueous systems. 


1.4.2. Commercial ultrasound apparatus for analytical applications 

Of the four types of laboratory ultrasonic apparatus commercially available for practising 
chemists in general (namely, whistle reactors, ultrasonic cleaning baths, probes and 
cup-horn devices) analytical chemists, except for a few specialists working in (or with) 
ultrasound detectors, use mainly cleaning baths and probes both of which are usually 
operated at a fixed frequency dependent on the particular type of transducer, that is 
usually 20 kHz for common probe systems and 40 kHz for baths. Both types of devices 
are described below. 


The ultrasonic cleaning bath 

This is probably the most affordable and inexpensive piece of ultrasonic equipment avail¬ 
able, which is why so many analytical chemists first use cleaning baths. A cleaning bath 
generally consists of a stainless steel tank with transducers clamped to its base, as 
shown in Fig. 1.5. One of the basic parameters in ultrasonic engineering is power density, 
which is defined as the electrical power delivered to the transducer divided by the trans¬ 
ducer radiating surface area. An ultrasonic bath, which is a low-intensity device, uses a 
power intensity at the transducer face of about 1-5 W/cm 2 in modern piezoelectric trans¬ 
ducers and operates at a frequency of 40 kHz. For the typical small size ultrasonic clean¬ 
ing bath (1.5-1 capacity), a single transducer is sufficient to drive it with a power rating of 
around 50 W. For larger devices (up to 50000 I), an array of transducers is required to 
introduce a high power density into the liquid. The frequency and power of an ultrasonic 
bath depend on the type and number of transducers it contains. The laboratory bath 
design has a few variants: some devices operate at different, albeit fixed, frequencies. 
Also, some cleaning baths use a “frequency sweep” of a few kilohertz about a central 



bonded to base 


Figure 1 . 5 . A typical ultrasonic cleaning bath. (Reproduced with permission of Wiley- 
VCH, Ref [8].) 
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frequency in order to avoid standing waves in the tank. In this way, every part of the 
cleaning device is subjected to cavitation as wave nodes alternate in height from the 
base. Most recent commercially available designs include thermostatic control, time digi¬ 
tal control, and integrated thermometer and data memory. Interestingly, some drawbacks 
of bath sonicators relating to power control and wave sonication have been neatly over¬ 
come. Thus, Bandelin [31], a firm specializing in ultrasonic equipment, manufactures the 
SONOREX DIGITAL 10P series, with power control over the range 10-100%, and also 
two-part ultrasonic cleaning units with additional lateral ultrasound, i.e. multifrequency 
devices (e.g. 25 and 40 kHz in the same bath). Unfortunately, these devices are only 
available in high volumes (from 115 to 239 I for industrial cleaning), but will foreseeably 
be scaled down for analytical use. On the other hand, the firm Raypa makes equipment 
that affords full-wave and half-wave operation (so-called “UCI” models) [32]. 

Choosing an appropriate ultrasonic bath. The usual way of subjecting an analytical 
system in a discrete manner to US by using a bath is simply by dipping the vessel contain¬ 
ing the target analytical system in the sonicated bath. The energy supplied by the trans¬ 
ducer must be strong enough to penetrate the walls of the vessel and cause cavitation 
in the chemical system. Not all laboratory cleaning baths are powerful enough for this 
purpose, so it is important to check any bath for power before using it to sonicate an ana¬ 
lytical system, whether discrete or continuous. The easiest test to apply in all cases 
involves dipping a piece of ordinary household aluminium foil into the sonicated bath 
water, containing a detergent, for about 30 s. A bath which is suitable for sonochemistry 
will perforate the foil extensively within this period. 

Advantages and disadvantages of ultrasonic baths. Although the cleaning bath is the 
piece of ultrasonic equipment most widely used by chemists, it is not necessarily the most 
effective. The advantages of using an ultrasonic bath are as follows: 

(1) The US bath is the most widely available laboratory source of ultrasonic radiation. 

(2) Small cleaning baths are inexpensive. 

(3) The acoustic field is fairly evenly distributed throughout the bath liquid. 

(4) No special adaptation of chemical apparatus is required. This allows conventional 
glassware to be used and facilitates the addition of chemicals, the use of high or low 
pressures or even an inert atmosphere. 

(5) Using the cleaning bath itself as the reaction vessel affords more extensive bath treat¬ 
ment at an increased irradiation power. The use of this type of energy input, however, 
is subject to some restrictions. 

On the other hand, the disadvantages of using an ultrasonic bath can be summarized 
as follows: 

(1) The amount of power dissipated from the bath into the analytical system is usually not 
very large — less than 5 W/cm 1 2 3 . 

(2) The energy input must be assessed on an individual basis for each system as the 
amount of power actually delivered will depend on the bath size, the vessel type in 
batch steps or manifold type in continuous steps, wall thickness and bath position. 

(3) Maintaining the temperature in the bath is difficult unless the US device is furnished with 
some automatic thermal control. Most cleaning baths warm up during operation, especially 
after prolonged use. This is not a problem if a heater is used to establish thermal equilib¬ 
rium, but can lead to inconsistent results when working at or below room temperature. 
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There are two possible solutions to this problem, namely: (a) operating over very short 
periods during which the temperature can be assumed to remain essentially constant, 
or (b) circulating cold water or adding ice to the bath. If using ice, one should bear in 
mind that solids alter the characteristics of sonic wave transmission. Whichever 
method is chosen, it is the temperature inside the vessel that should be monitored as 
this is often a few degrees above that of the bath liquid. 

(4) Not all cleaning baths operate at the same frequency. This may have some impact on 
the results, particularly when attempting to reproduce previously reported tests. Most 
manufacturers use frequencies around 40 kHz, but 20-kHz baths are available and 
some dedicated baths use higher frequencies. 

(5) Although a few manufacturers make cleaning baths with adjustable power, most baths 
have no such control. One can always place a rheostat between the mains and the 
bath to accomplish some power control. 

(6) The decline in power with time and the lack of uniformity in the transmission of US 
typical of inexpensive cleaning baths are two sources of high irreproducibility. For the 
above reasons, the use of laboratory cleaning baths should be restricted to cleaning 
operations or the removal of dissolved gases, which are indeed their principal 
intended uses. 


Ultrasonic probes 

Many of the disadvantages in using a simple cleaning bath in sonochemistry can be 
avoided by using an ultrasonic probe (also called a “sonotrode”) instead. A sonotrode 
delivers its energy on a specific zone, cavitation in which is thus dramatically boosted. 
Also, probes are not subjected to any exhaustion restrictions, so they are much more suit¬ 
able for use in analytical chemistry than are ultrasonic baths. 

In addition, ultrasonic probes are more flexible as regards construction, so they can be 
easily designed for specific purposes. Some variables with a strong influence on US char¬ 
acteristics including the direction, amplitude and frequency of the vibrations at the point 
of application or the way the workpiece is clamped can be adjusted with a view to 
maximizing the effects on the process within the constraints of the ultrasonic system. 

A US probe comprises the following components: 

- A power supply to convert mains electrical power to the frequency, voltage and current 
required by the ultrasound system. All three must be continually monitored and auto¬ 
matically adjusted to keep the system operating properly. 

- A transducer (or converter) to convert electrical power into mechanical vibrations. This 
is a tuned system resonating at the operating frequency. 

- A transducer cover to protect the user from high voltages and the transducer from 
accidental damage. A cover is normally fitted around the ceramic discs, electrodes and 
electrical connections. 

- Piezoelectric ceramic discs , which are the heart of the transducer. As a voltage 
is applied, the discs expand and contract along the transducer axis. Several discs 
(usually 2 or 4) are used to increase the movement produced. Using an even greater 
number of discs ensures that high voltage will be applied within transducer only. 

- Electrodes, which are located on both sides of each ceramic disc and are used to apply 
the voltage that causes it to expand and contract. 

- A machine screw (normally high-tensile steel) running through the centre of the 
transducer that clamps the ceramic discs together. The screw should be kept under 
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compressive stress, even when the transducer is stretched to its maximum, in order to 
prevent the discs from cracking. 

- The front-end of the transducer (titanium or high-strength aluminium alloy), which is 
used to transmit its motion to the rest of the system. 

- A back-block (usually steel or titanium) that provides a mass behind the ceramic discs 
to balance the motion of the transducer. 

- An optional booster or interstage (titanium or high-strength aluminium alloy) fitted 
between the transducer and the ultrasonic tool. This is also resonant at the operating 
frequency. It alters — usually increases — the vibration amplitude and may also be 
used to mount all the mechanical parts of the ultrasonic system. 

- The extender, which is not an essential part of the device as it is only required in order 
to reach into narrow vessels, through vessel necks or into process streams. These 
“extenders tips” are usually made in half-wave and full-wave length increments. They 
consist of simple cylinders, solid or tapped for a tip. Solid extenders are actually more 
than a wavelength increment and have to be fitted to tapped horns, so they are made 
longer than the wavelength increment by the length of the regular replaceable tip in 
order to maintain resonance. 

- The sonotrode, which is the sole part of the system that can be exchanged as a func¬ 
tion of the particular application. Sonotrodes come in all shapes and sizes, depending 
on the intended use; like other components, however, it should be resonant at the oper¬ 
ating frequency. The material from which it is constructed (steel, stainless steel, titanium 
alloy, ceramics) should be a compromise between the needs of ultrasound and those 
of the application. This is an amplifying element also known as horn (or probe, which 
is also the name given to the whole device) and includes, or is fitted with, a tip. The 
latter is the radiating surface of the horn, which irradiates acoustic energy outwards to 
do work. Tips may be either removable or integrated with the final output element. 

Originally, ultrasound probes were simply adaptations of biological cell disrupters. 
These involve direct immersion of a metal probe into the system under study. 

Horn design. The probe, sonic horn or velocity transformer, is driven by the transducer 
and ultrasound enters the analytical system via the probe tip. The intensity of sonication 
(i.e. the vibrational amplitude of the tip) can be controlled by altering the power input to 
the transducer. There are alternative ways to control the power input to a system depend¬ 
ing on the probe design, which is very important in US engineering. The variables to be 
considered in designing a horn include length, shape and gain. The vibrational amplitude 
of the piezoelectric crystal itself is normally so small that the intensity of sonication attain¬ 
able by directly coupling the transducer to the analytical system is not large enough to 
cause cavitation. The horn acts as an amplifier for the transducer vibration, so its precise 
shape will determine the magnitude of the gain or mechanical amplification of the vibra¬ 
tion. Accordingly, the horn is occasionally referred to as the “velocity transformer”. 

The length of the horn is a key variable. The wavelength of ultrasound in a material is 
dictated by both the nature of the material and the frequency of the sound wave. With tita¬ 
nium alloy horns, the wavelength for 20-kHz sound is about 26 cm, which constitutes the 
absolute limit of length for titanium horns. The horns can be as short as half a wave¬ 
length; however, should the distance between the transducer and the sample being 
processed need to be increased, they can be designed in multiples of half wavelengths. 
This can be accomplished by screwing one horn into another to build up the overall length. 

The shape of the horn greatly affects its performance. Figure 1.6 shows a selection 
of different horn shapes. Uniform horns are horns fashioned in the shape of a uniform 
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Figure 1.6. Shapes of acoustic horns and magnification factors. (Reproduced with 
permission of Wiley-VCH, Ref. [8].) 


cylinder (e.g. 13 cm in length) subjected to an ultrasonic vibration (e.g. 20 kHz) at one 
end that produces an exactly identical vibration at the other end. However, there will be 
no vibration at the midpoint of the cylinder because this is the nodal point of the wave. 
If the cylinder needs to be reduced in diameter at its midpoint to 0.5 of the original cross- 
sectional area, then when the vibrational energy is applied to the larger end, the smaller 
end will automatically undergo a doubling of its energy density (the energy applied at the 
larger end will now emerge through half the area at the smaller end). In order to deliver 
this increased intensity, the tip, the vibrational frequency of which is fixed at 20 kHz, must 
vibrate at an increased amplitude. The horn will be acting as a velocity amplifier. For a 
simple “stepped” design, the amplification factor will always be the ratio of the cross- 
sectional area and this type of horn can easily accommodate variable gains, as shown in 
Fig. 1.7. The significance of the position where the “step” is placed should be appreciated. 
It is always at the nodal point of the horn because vibration is zero at this point (i.e. no 
stress is present). If the size reduction does not occur precisely at this null point, stress 
will develop (Fig. 1.6). Step horns provide maximum amplification (high gain) with high 
stress at the step; linear and exponential horns avoid stress with amplification factors 
given by the ratio of the end diameters rather than cross-sectional areas as with stepped 
horns. The linear taper is the easier design to manufacture, but its potential magnification 
is normally restricted to approximately 4-fold. On the other hand, the exponential taper 
provides higher magnification factors; its shape, however, makes it more difficult to 
manufacture, but the small diameter of the working end and its length make it particularly 
well suited to micro applications. 

Because the amplification factor of the horn is dictated by its shape, measurements 
can be made on any surface normal to the longitudinal centreline. This affords measuring 
outside a sealed pressure vessel, even by direct contact, without breaching the vessel. 
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Figure 1.7. Gain of an ultrasonic probe as a function of the diameter ratio. 


Choosing an appropriate ultrasonic probe. As noted earlier, a large maximum power den¬ 
sity can be obtained at the radiating tip depending on the particular horn design used. The 
density achieved can be as high as several hundred watt per square centimetre. Until 
recently, the choice of probe sonicators was somewhat limited. At present, however, they 
normally have the following facilities: (a) variable power that can usually be adjusted by 
using a dial from zero to a maximum output of about 150 W/cm 2 through a probe tip 
2.5 cm in diameter; (b) a pulse generator to allow intermittent sonication; (c) a range of 
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interchangeable horns and replaceable tips; and (d) a variety of extenders, flow-cells and 
other units. 


Advantages and disadvantages of ultrasonic probes 

Probe devices undoubtedly provide the most efficient method for transmitting ultrasonic 

energy into an analytical process or step. 

The advantages of using an ultrasound probe for this purpose are as follows: 

(1) The ultrasonic power delivered by a horn is directly related to the magnitude 
of vibration of the tip. This can be readily controlled via the power input to the 
transducer, which allows precise regulation of the power supplied to the system. 
Maximum powers of several hundred watt per square centimetre can thus be easily 
achieved. 

(2) Ultrasonic streaming from the tip of the probe operated at moderate power is often 
sufficient to provide bulk mixing when dipped in the target system since energy losses 
during the transfer of ultrasound through the bath media and reaction vessel walls are 
eliminated. 

(3) Most modern units have a pulse facility allowing the operator to sonicate repeatedly 
for fractions of a second. This gives adequate time for “cooling” between pulses. 

(4) The probe can be tuned to give optimum performance (tuning here is the process 
whereby the entire probe assembly is brought into resonance with the transducer). 
Modern equipment is normally fitted with an automatic frequency regulator. 

(5) The ultrasonic intensity and size of sample to be irradiated can be matched fairly 
accurately for optimum effect. 

(6) Modern commercial devices are designed to operate with a variety of frequencies, 
power ranges, detachable metal probes of different horn and tip diameters and other 
accessories from a number of manufacturers. 

On the other hand, disadvantages of ultrasound probes in this context include the 

following: 

(1) As with all systems which operate using piezoelectric transducers, optimum perform¬ 
ance is obtained at a fixed frequency. For most commercial probe systems such 
a frequency is 20 kHz and, although it is possible to drive them at their overtones 
(i.e. 40 or 80 kHz), the power dissipation at overtones is very much reduced. In order 
to operate successfully at different frequencies, it is best to purchase individual 
amplifier-horn systems tailored to one’s individual requirements. 

(2) As with baths, there is a problem over accurate temperature control unless some 
precautions are taken. The use of specially designed vessels alleviates much of this 
difficulty. 

(3) The high intensity of irradiation in the zone close to the tip may produce radical 
species potentially interfering with the normal course of the experiment. 

(4) Cavitation, which is the source of the main effects of ultrasound, is also the origin of 
a common problem with probe systems: tip erosion, which occurs despite the fact that 
most probes are made of a titanium alloy. There are two unwanted side effects asso¬ 
ciated with erosion, namely: (a) metal particles eroded from the tip will contaminate 
the system; and (b) physical shortening of the horn reduces efficiency — eventually, 
the horn will be too short to be efficiently tuned. The latter problem is avoided by 
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fitting the probe with screw-on tips in the form of studs. This avoids the need for a 
costly replacement of the whole horn. 

(5) Special seals will be required if the horn is to be used in refluxing systems, inert 
atmospheres or at pressures above (or below) ambient level. 

(6) Laboratory probe systems are generally only suitable for small systems, although 
multiple probes will cope with larger volumes. 

An example of commercial US probe and additional units. One salient example is 
the Branson Sonifier II, which is a flexible laboratory unit available in two power levels usu¬ 
ally required for disintegration and homogenization. This probe is widely used in analyti¬ 
cal laboratories for assistance to any type of reaction and process, as discussed at length 
in Chapters 2-8. The power supply converts conventional 50-Hz line voltage to high-fre¬ 
quency electrical energy at 20 kHz. Figure 1.8 depicts some of the accessories available 
for this model, which range from cup horns with a water jacket to a continuous-flow attach¬ 
ment and are described below. 

The following types of cells are available in addition to the standard horn (C in 
Fig. 1.8), standard microtip (H) and special microtip with proper coupling section (F) and 
extender (I). 

Cup horn (B in Fig. 1.8), which constitutes a special type of ultrasonic bath where the 
energy is supplied by an inverted horn sealed into the bottom of a water jacket or cup. 
This allows better temperature control of the sonicated system and of power, at the 
expense of a limited cell volume and reduced power relative to a standard. 


Accessory system 



Figure 1.8. The Branson Sonifier* II and accessories. A — converter, B — cup horn, 
C — standard horn, D — sealed atmosphere chamber with water jacket, E — continuous 
flow-cell attachment, F — special microtip with coupling section, G — flow-through horn, 
H — standard microtip and I — extender. (Reproduced with permission of Branson 
Ultrasonics Corporation.) 
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Sealed atmosphere chambers (D), which are particularly useful when special working 
atmospheric conditions are required. 

Continuous flow-cells (E), through which the fluid under study is circulated while sub¬ 
jected to ultrasonication. A double chamber is used for cooling by circulating cold water 
through a closed circuit or an ice-salt mixture is employed to maintain low temperatures. 
One or more liquids are pumped into the cell, mixed and processed in the annulus, which 
is controlled via an adjustable orifice that can be moved in and out axially and is furnished 
with interchangeable orifice plates that afford full control over the process parameters. 

Flow-through horns, or tubular horns (G), which possess a hollow core tip and two 
inlets or orifices at the non-vibrating, nodal point of the horn. This type of horn radiates 
radially outwards at right angles to the longitudinal axis, which allows it to process mate¬ 
rial placed in a pipe around it, a beaker or other vessel. This design ensures uniform 
mixing of two components by passing one fluid through the horn into the centre of the 
cavitational field, where it meets the other fluid coming radially inward from the body of 
the cell in which the flow-through horn is dipped. Because the latter fluid travels radially 
inward, all aliquots pass along a radius of equal length, thus ensuring uniform sonication 
and mixing with the former fluid directly in the cavitation field at the end of the horn. 

The operator can control the way US is applied to the sample by specifying the 
required parameters for the test. 

One can optionally use a temperature probe to measure the temperature of the liquid 
surrounding the vessel or chamber during the ultrasound-assisted process if the temper¬ 
ature especially influences the process concerned. One can set a maximum allowable 
temperature in the surrounding liquid, so that ultrasonication will be automatically stopped 
if the specified temperature is reached. There are four possible operational modes, namely: 

- The continuous mode, where US is applied to the sample for a preset time. 

- The pulse mode, where US is repeatedly switched on and off during the experiment, 
the operator setting the length of the on-off intervals. 

- The temperature mode, in which US is applied until the sample reaches a given 
temperature; and 

- The pulse-pause mode, which is used to maintain the temperature within a specific 
range. Ultrasound is applied to the sample while keeping the sample temperature 
between the limits of this range. This mode allows the sample temperature to be kept 
within the range while continuing the ultrasonic treatment during the process time. 


Ultrasonication variables. Relationships 

Intensity and power in probe sonication are two closely related but different concepts. 
Thus, power, which is measured in watts, is the energy required to move the mechanical 
masses used to create cavitation in a liquid or, in other words the energy required to drive 
the radiating surface of a given horn, at a specified amplitude of vibration (the excursion 
or stroke), against a specified load at the fixed resonant frequency of the device. On the 
other hand, intensity is a measure of the energy available per unit volume of liquid and is 
directly related to amplitude. It is the intensity of cavitation rather than the total power 
applied that determines the effectiveness of sonication. Intensity is directly related to the 
amplitude of the radiating face of the tip or horn. It is therefore such amplitude that must 
be delivered, maintained and monitored. For an ultrasonic liquid processor to be truly 
effective, it must provide controlled amplitude under variable load conditions within the 
specifications. This is accomplished by regulating the power output in order to maintain 
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the frequency against any imposed load, usually by adjusting the voltage applied on 
piezoelectric crystals or the magnetic coil in a magnetorestrictive device. The horn or 
probe tip can be assimilated to a piston travelling through a liquid cylinder. At the usual 
frequencies involved (generally 20 kHz or higher), the liquid molecules do not have time 
to restore fully after each stroke, so the extreme pressures and vacuum typical of this 
process are produced. The energetics are thus virtually identical to a simple hydraulics 
problem: the larger the piston (radiating face) diameter is, the longer will be the stroke 
(amplitude), the faster the stroke rate (frequency), the higher the static head (pressure), 
the more resistant and cold the liquid (viscosity), and the higher the power required to 
move the radiating face. Similarly, the faster and the further the tip is moved, the higher 
will be the energy imparted to the cavitation bubble and the greater the intensity of the 
energy released in the bubble implosion. As a result, the amount of power drawn depends 
on the geometry of the radiator-liquid arrangement and the intensity is only related to the 
amplitude (excursion) of the radiating face. The amount of power required to provide and 
maintain such an intensity is thus a multi-variable parameter. 

In addition, the efficiency of cavitation is influenced by a number of variables and so, 
as a result, is the power drawn. As the load on the generator increases, the vibrating body 
reacts by decelerating, slowing in frequency. A well-designed generator will respond with 
more voltage to accelerate the motion of the radiating masses, thereby increasing the 
frequency. Once the system reaches its voltage limit, the amplitude cannot be increased 
further. In addition, and similar to “cleaning”, once cavitation bubbles “blanket” the radiat¬ 
ing face, an increase in amplitude will produce no more cavitation. Therefore, blanketing 
is a limiting phenomenon in the cavitation field: the density of the bubble cloud becomes 
so high that no further cavitation is possible by supplying additional energy — similar to 
the thermal boiling temperature, above which no further change of state occurs. The 
blanketing threshold is the intensity of cavitation where blanketing occurs. For practical 
purposes, such a threshold may be considered a relative term based on the efficiency of 
conversion from increased radiated energy to increased cavitation. 

Ultrasonic devices operating in the air are subject to minimal pressure, so they require 
minimal power to maintain the amplitude. 

Ultrasound power measurement. Although any report on the results obtained by using 
an ultrasound-assisted system should state the make and model of the irradiation source 
used, this is generally not so. Unfortunately, the power input to the chemical system is 
occasionally reported only as a quoted maximum rating for the equipment. A 500-W does 
not necessarily deliver 500 W of ultrasonic power into the target when operated at its 
highest setting. Some standard method of measurement is thus required in order to 
record the actual power input to the chemical system. Measurement methods for this 
purpose can be physical (e.g. those involving measurement of the vibration amplitude of 
a probe system, the real electrical power to the transducer or calorimetric measurements 
of the ultrasonic power entering a chemical system) and chemical (e.g. those used by the 
iodine, Fricke, terephthalate and nitrophenol dosimeters). The two types of methods are 
described in detail elsewhere [33,34]. 


Comparing bath and probes 

As noted earlier, the power supplied by baths (particularly cleaning baths) decreases with 
time; as a result, the energy of baths is not supplied in a constant way, which can have 
significant consequences over long preparation times. This requires applying the energy 
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for an additional time in order to offset its decline with time. Also, the local ultrasound 
intensity delivered by baths is strongly affected by many external parameters including 
the water level for ultrasound transmission, the ultrasound intensity, the shape of the 
vessel and its position, etc. As a consequence of the formation of standing waves, the 
local intensity in a flask placed in a US cleaner is markedly influenced by changes in 
the experimental conditions, which has a strong impact on precision. Therefore, the 
optimal sonication conditions for each ultrasound bath must be established on an individ¬ 
ual basis. This restricts the use of baths in processes that are strongly influenced by the 
ultrasound intensity. Concerning the water level, if this is significantly lower than half the 
wavelength of the ultrasound in water (A = 2.3 cm), then the ultrasound intensity 
decreases with increasing distance from the sound source. When the water level is equal 
to or greater than A/2, intensity profiles of standing waves are observed. Finally, when the 
water level is approximately a multiple of A/2, resonating standing waves appear that 
result in extreme local ultrasound intensities. The problem is that the shape of the profiles 
changes when variables such as the ultrasound intensity, solvent level or shape, or posi¬ 
tion of the leaching vessel are modified. Also, in the absence of temperature 
control by recirculation of the water contained in the bath, the precision is even more 
seriously affected. Another serious problem arising when trying to reproduce previously 
reported tests is that ultrasonic baths operate at frequencies and powers dependent 
on the transducers they use, the geometries of which are specific to the particular 
manufacturer. This often precludes direct comparison of data obtained with different 
ultrasonic baths. 

By contrast, ultrasonic probes have the advantage over ultrasonic baths in that they 
deliver their energy on a localized sample zone, thereby providing more efficient cavita¬ 
tion in the liquid. Also, they are not subjected to any exhaustion restrictions, so they are 
much more suitable for use in analytical chemistry than are ultrasonic baths. However, 
probes tend to uncouple; as a consequence, cavitation occurs only at the radiating sur¬ 
face and only marginal ultrasound intensity can be detected elsewhere in the surrounding 
liquid. 

Traditionally, one of the principal advantages of baths over probes has been the abil¬ 
ity to handle several samples simultaneously. Conventional probes process samples one 
by one. Currently available high-sample throughput probe devices allow the simultaneous 
sonication of up to 12 samples. 


Earliest commercial uses and subsequent non-analytical uses of ultrasound 

The echo-sounder, which was invented and developed by Paul Langevin in 1917, was 
the first commercial application of US. Subsequently, it became the underwater SONAR 
(SOund Navigation And Ranging) system for submarine detection during World War II. 
The early echo-sounder simply sent a pulse of ultrasound from the keel of a boat to 
the bottom of the sea, from which it was reflected back to a detector also on the keel. 
For sound waves, because the distance travelled through a medium was one-half the 
product of the time by the velocity (and the velocity of sound in seawater is accurately 
known), the distance to the bottom was gauged from the time taken for the signal to 
return to the boat. If some foreign objects (e.g. a submarine) were to come between the 
boat and the bottom of the seabed, an echo was produced from this in advance of the 
bottom echo. 

Essentially, all imaging from medical ultrasound to non-destructive testing relies on the 
same pulse-echo type of approach, but with considerably refined electronic hardware. 
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The refinements enable the equipment not only to detect reflections of the sound wave 
from the hard, metallic surface of a submarine in water, but also much more subtle 
changes in the media through which sound passes (e.g. those between different tissue 
structures in a body). This type of application uses high-frequency ultrasound (in the 
range 2-10 MHz) primarily because the short wavelengths involved facilitate detection of 
small areas of phase change (i.e. they provide increased “definition”). The analytical uses 
of high-frequency ultrasound for detection purposes are essentially concerned with meas¬ 
urement of either the velocity of sound through a medium or the degree to which sound 
is absorbed (attenuated) as it passes through it. These applications are diagnostic in 
nature and have no effect on the chemistry of the target. These analytical uses and the 
particular tools they involve are discussed in Chapters 9 and 10. 


Commercial ultrasound devices for high-throughput analysis 

Developments in areas where a large number of samples must be analysed in as short 
a time as possible rely on automating existing analytical methods. Sonication had 
until recently never been used in automated methods for high-throughput pharmaceutical, 
biochemical, clinical and screening analysis primarily because sonicators could not 
accommodate such numbers of samples. However, some companies such as MatriCal 
Inc. or Hielscher Ultrasound Technology have recently made commercially available 
devices that allow all steps of the analytical process involving the use of ultrasound as 
an auxiliary form of energy to be implemented in an automated manner. Thus, the 
SonicMan™ is a high-throughput sonication system equipped with disposable 96-, 384- 
or 1536-well plates and capable of delivering sound energy at 20 kHz from 0 to 1150 W 
and pulses that can be adjusted in 0.1-s intervals up to 20 s. The transmitted energy is 
estimated to be 12 W/pin for a 96-well plate and 3 W/pin for a 384-well plate at full power; 
also, the energy is supplied evenly across all pins. 

The tips are disposable parts, so, should they become contaminated or fail after 
prolonged sonication, they are easy and relatively inexpensive to replace. A “pin tip” 
has a useful life of approximately 200-300 s of sonication at 100% power. The tip is an 
injection-moulded part coated on both sides with silicone rubber layers and through which 
“pins” are inserted. The 40-durometer silicone rubber on the upper surface provides a 
compliant layer such that when the sonic horn is applied to the surface of the tip, any 
pins that are slightly higher will be depressed until all pins are in uniform contact with the 
sonic horn. This ensures that each pin in any format will be fully coupled to the sonic horn. 
The soft 20-durometer silicone rubber layer on the bottom of the tip is used to seal each 
well from other wells surrounding it such that there will be no cross-contamination 
between wells during sonication. The pins are made of brass with a nickel coating that in 
turn is electroplated with a 10-pm-thick gold coat as early tests on plain brass pins 
revealed that some chemicals (particularly those with very low pH or containing reactive 
sulphur groups) can react with the pins. Such was not the case with electroplated- 
gold-coated pins. 


Scale up ultrasonic devices 

Large-scale processing using power US is not a new concept. The industrial uses of 
power US were recognized in the 1960s, as reflected in many specialized articles [35]. 
Progress has been faster over the last few years for two main reasons, namely the 
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broader awareness of the potential for ultrasonic processing, and an ever-widening span 
of uses that have attracted attention and investments from an increasing number of firms. 

There are essentially two different types of large-scale US-assisted chemical plants: 
batch and flow type. Sometimes, the flow system is an integral part of the batch process¬ 
ing equipment, where it acts as a loop attached to the main vat. 

Small-scale experiments are occasionally adapted to large-scale work; this requires an 
accurate knowledge of the type of sonochemistry involved in the process. 

The first question to be answered in scaling up a sonochemical reaction is whether the 
reaction is in fact truly sonochemical or simply the result of an ultrasonically induced 
mechanical effect. Thus, in a solid-liquid heterogeneous reaction, power ultrasound may 
only serve as an efficient mixing method system — for particle fragmentation, deagglom¬ 
eration and (or) dispersion. In this situation, ultrasonic pretreatment of a slurry may well 
be all that is required before the reaction is allowed to take place in the conventional 
manner. However, if ultrasound has a real effect on the chemistry of the system, then 
arrangements must be made to provide sonication during the reaction itself. Scaling up a 
true sonochemical process requires answering the following major questions: 

(1) What is the most suitable sonolysis system for the reaction mixture to be processed? 

(2) What are the best reaction conditions? 

(3) What will be the energy implications of using ultrasound rather than traditional 
methodology? 

These questions are not easily answered because of the large number of factors to be 
considered. Thus, optimizing the sonication conditions entails carefully examining the 
variables influencing cavitation, namely: 

(1) The reaction medium (particularly its viscosity, vapour pressure, the nature and 
concentration of any dissolved gases and the presence of any solid particles before, 
during, or after reaction). 

(2) The reaction conditions, including the temperatures and pressures involved, which 
may well vary during a conventional process. 

(3) The type of sonic system used (particularly its power and frequency) and the chemical 
reactor (its size and geometry). 

Although most scaled up US-assisted systems have traditionally been chemical 
systems, there is a growing trend to exploit US energy for assisting physical processes 
in the biochemical field; such is the case with a large-scale acoustic filter for perfusion 
of cell cultures [36] or a novel h-shaped ultrasonic resonator for the separation of 
biomaterials [37]. 


Ultrasound devices for industrial use 

Industry uses special devices similar to ultrasonic baths and probes but appropriately 
scaled up in size and ultrasound irradiation power. The UIP16000 model from Hielscher 
Ultrasound Technology is by far the most powerful ultrasonic processor available world¬ 
wide; the apparatus is capable of delivering a continuous power of 16 000 W at efficiency 
above 80%. Such powerful systems have been developed in response to the demand for 
the ultrasonic treatment of liquids on a large scale; in fact, the ultrasound power required 
usually increases in proportion to the amount of liquid to be treated within a certain time. 
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It is therefore more cost effective to use a large ultrasonic system supplying 80 kW to 
process liquids at a flow-rate of 10 m 3 /h than to use 5 ultrasonic processors with a power 
of 16 kW each or 40 processors with a power of 2 kW each. The robustness of the trans¬ 
ducer enables its use under heavy-duty industrial conditions. Also, the processor can be 
designed to be explosion-proof. Like the transducer and the flow cell, the generator is 
housed in two connected compact stainless steel cabinets. This makes the device self- 
contained, robust and easy to install. The standard footprint of a 16-kW system is just 
600 mm x 1200 mm. 

Recently [38], Prosonix has been launched as a new American company with the aim 
of exploiting academic technology to apply ultrasonics to crystallization control and 
process intensification on a commercial scale. 


Immersible transducers 

An immersible transducer is a radiating device accommodated in a housing which can be 
submerged in a liquid bath to energize the liquid and produce cavitation. An immersible 
transducer placed in a still tank therefore turns that tank into an ultrasonic cleaner. The 
immersible transducer is, in effect, a standard tank (turned inside out) with the radiating 
surface on the outside and the transducers on the inside. 


1.4.3. Maintenance and troubleshooting of ultrasound devices 

Failure modes in horns 

Horns — transducers, extenders and (or) boosters — can fail for various reasons. Thus, 
horns behave as longitudinal bells that are carefully crafted to resonate “primarily” in the 
axial mode. Like any elastic body, when a horn shrinks in one or two dimensions, it must 
expand in the other(s). By analogy with a differential piston, a small excursion of the larger 
diameter will result in an increased excursion of the smaller diameter. Because mass must 
be conserved, the centre of mass — hopefully the nodal point, where the molecules are 
being alternately forced together and apart, both radially and axially in opposite cycles — 
has the greatest stress. Thus, the fatter the horn (i.e. the lower its aspect ratio), the more 
likely it will be to heat and fail at the nodal point. The horn ends (especially that exhibiting 
the higher amplitude of excursion, where the molecules are primarily in alternating longi¬ 
tudinal tension and compression) have the highest strain (see Fig. 1.9). Thus, the strain 
is worst where the connections are made to the convertor-front driver-transducer and at 
the tip — if removable. Any imperfection in material or construction at either the node or 
the antinodes, then, will become a stress raiser (a point of likely failure). 

At the node centres, the most critical place is the step, where (viz. the transition from 
one diameter to another) any notch from damage or from poor design or machining is 
almost guaranteed to cause failure, especially at high amplitudes. Similarly, at antinodes 
(ends), any flaw in the connecting stud, grit in the joint, non-planar mating of the oppos¬ 
ing faces or skewed alignment, for example, will almost certainly cause heating and even¬ 
tual failure. In cases of extreme extension (as in ultra-high amplitude microtips), operating 
near or at the tensile limit of the material, the slightest discrepancy can cause virtually 
instantaneous failure. Such failure is not catastrophic, except financially: the horn, tip or 
stud merely fractures and falls apart, sometimes almost instantaneously. Quite often, 
however, the immediate precursor and warning is a screech of tortured metal. 
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Like the bath, the probe does suffer from the same difficulty regarding temperature 
control. This problem has been alleviated or circumvented in modern devices by using 
the pulse-mode or temperature-mode operation. The pulse facility was originally designed 
for biological cell disruption, where temperature control is crucial and allows ultrasound 
power to be delivered intermittently, thereby allowing for periods of cooling. The time 
(i.e. the pulse length) for which the sound energy is delivered to the system is controlled 
by an instrument setting and may be varied from 0%, where no energy is supplied, to 
100%, which is continuous application of the energy. For sonochemical applications, 
however, there is a minimum time period (pulse) which must be exceeded if any cavita- 
tional effects are to be observed. This is a consequence of the time delay between the 
application of the acoustic excitation (i.e. the sound wave) and the onset of cavitation; as 
a result, the pulse of acoustic energy may not be present long enough for the cavitation 
bubble to be produced. By way of example, let us consider the growth of a bubble of 
radius 8 x 10 -5 cm in water at ambient temperature at 1 atm under an applied field of 
frequency 5 MHz and pressure amplitude (P A ) of 4 atm. For the first 1/8 of the acoustic 
cycle (i.e. 25 ns), the bubble size will increase only slightly (ca. 5%). Even after 1/4 of a 
cycle (i.e. 50 ns), it will have grown by only about 30%. During the next 1/4 of a cycle, 
it will grow to a size large enough (approximately twice its initial radius) to collapse totally 
(i.e. for cavitation to occur under the action of the applied acoustic field). Thus, if the pulse 
is present for less than 1/4 of a cycle (50 ns) at this frequency, the bubble will not have 
sufficient time to grow to a size causing it to collapse. In general, the threshold intensity 
decreases as the pulse length increases and an upper limit for pulse length is usually 
reached after which the threshold remains independent of the pulse length. At 20 kHz, 
such an upper limit is approximately 20 ms. 

Pulsed operation should not be confused with the duty cycle as used in medical ultra¬ 
sound applications or adopted for pulsed operation in users’ manuals for commercial 















Introduction: Fundamentals of Ultrasound and Basis of its Analytical Uses 29 


equipment. In medical parlance, the duty cycle refers to the on-off ratio for scanning 
which involves the emission of pulse of extremely short duration (e.g. 10~ 5 s) spanning 
only a few cycles of ultrasound in the megahertz range. It is in the longer, off period that 
the echoes are detected. By way of contrast, a chemical sonicator pulse of 0.5 s spans 
10 000 cycles at 20 kHz. 


Maintenance of tips 

The vast bulk of tips and horns are made of titanium alloy, monel, nickel, “bell metal” 
alloys, glass, ceramic or single-crystal radiating faces. The very action of cavitation 
erodes — and, to a smaller degree, accelerates corrosion of — the radiating surface of 
the replaceable tip or solid horn. Performance degrades in proportion to the degree of 
roughness of the surface until a point is reached, if the tip does not disintegrate or stop 
resonating first, where no significant energy passes into the liquid sample. Tips which are 
so heavily eroded that the dendritic peaks and valleys are obvious to the unaided eye can 
trap air or gas bubbles in the concavities and ultimately stop radiation. Most manufactur¬ 
ers supply tips with a smooth finish, but it is a waste of time and money to mirror-polish 
tips as the finish will matte almost instantly on use. The wear pattern is generally symmet¬ 
rical on a round or rectangular face, with a small rim of uneroded material remaining 
around the edge and the balance of the face becoming gradually darker as material is 
eroded and the surface roughened. The exception to this is when wear occurs in an abra¬ 
sive particulate suspension, in which case the impact of the particles polishes the surface 
even as it erodes it. Serious erosion usually occurs in concentric rings and really severe 
erosion can eat into the dendritic structure of the tip, even perforating through the back 
end (the tip-horn joint), in which case the horn itself becomes eroded and useless. 
Moreover, when erosion progresses so far that pitting extends into the smooth, erosion- 
free circumferential ring at the edge of the tip face, the tip (or solid horn) is irreparable 
and must be replaced. 

Tip life can be best extended by polishing the tip — its radiation surface only — with abra¬ 
sive paper or cloth. The face should never be lathed as too much material will be removed 
and, taking into account that the tip is a part of a finely tuned resonant body, the removal of 
material will shorten the tip length and thus raise the natural resonant frequency. 

In order to properly dress a worn tip — when the erosion has progressed beyond 
simply matting of the finish — the tip or horn should be held absolutely normal to a piece 
of fine carbide grit paper or emery cloth — never sandpaper — placed on a hard, flat work 
surface, and worked lightly across the grit in a circular pattern. The tip must never be 
rocked or scored by bearing down heavily as anything that detracts from a smooth, flat 
finish will cause accelerated erosion. 


Minimization of ultrasound side effects 

Some side effects of ultrasound may be detrimental in specific situations and reduce the 
efficiency of ultrasonic power. 

Foaming and aerosoling. When foam forms in a lab sample, it interposes bubbles 
between the radiating surface and the body of the liquid to be treated or in which treat¬ 
ment is to occur. This is somewhat akin to “blanketing”, but is the result of gas bubbles, 
not cavitation bubbles, interfering with free radiation of acoustic energy into the bath. 
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The process is self-limiting. Once foam is formed, especially in viscous liquids, sonication 
must be stopped and the liquid degassed. In some cases (e.g. at a low viscosity), bub¬ 
bles may rise against gravity and escape through the liquid surface. If, however, they per¬ 
sist, short bursts of energy (pulsing) with long rest times in between may suffice to break 
the foam. A fine mist of the parent liquid can be sprayed against the foam to break it; ultra¬ 
sonic nozzles excel at this. In extreme cases, centrifuging and (or) vacuum must be 
applied or the sample may even have to be discarded. Foaming can be detected by a 
change in the sound level and a fluctuating reading on the power bar graph. 

Similarly, on the reverse stroke, molecules of liquid adhering to the surface of a vibrat¬ 
ing object may be dragged above the interface (liquid surface) and released, or even ultra- 
sonically nebulized and driven off balistically, into the atmosphere (i.e. “aerosoled”). This 
can obviously increase significant risks if the liquid is toxic or contains biohazards. Various 
techniques, the description of which is beyond the scope of this book, are available for 
minimizing aerosoling or preventing aerosol escape. When aerosoling occurs, little or no 
energy couples reliably to the solution, and excessive top-layer heating results. This prob¬ 
lem can be remedied by placing the probe as deep as possible and setting the amplitude 
control to a low level (10-20%) for a few seconds, followed by a gradual increase of the 
amplitude to the required level. 

In order to avoid foaming or aerosoling, the horn can always be dipped enough below 
the surface of the liquid to prevent violent motion or agitation on the surface. This prob¬ 
lem is more critical when processing small volumes (e.g. 0.3-5 ml). Use of a conical¬ 
shaped tube or vial such as a cut-down Eppendorf tube is recommended in this situation 
to raise the liquid level without increasing the volume, thereby permitting the horn to be 
inserted more deeply below the liquid surface level. 

Bubbles formed in the bulk liquid sample during sonication may also represent 
sonochemical degradation products or high volatiles driven out by cavitation. If any such 
phenomena are to be expected, then appropriate chemical analyses should be performed 
before undertaking a critical process. 

Flammable or explosive volatiles may be driven out by cavitation and ignition. Virtually 
no sonication devices are explosion-proof and only extreme measures can render them 
explosion resistant. 

Discolouration. This phenomenon can occur in the processed sample if the tip touches 
the side of a glass tube or beaker and small glass particles are released, the sample 
acquiring a greyish colour as a result. Excessive tip corrosion can also cause a greying or 
darkening condition. 

Sterilization. This operation, intended to prevent cross-contamination, can be easily 
carried out by removing either the horns or tips from the converter and autoclaving them. 
It is faster, easier and equally effective, however, to sterilize these units by immersing them 
in a beaker containing alcohol or other disinfectant and then, turning the power on for a 
few seconds. This operation also removes unwanted residues from the horn or tip. 


1.5. ULTRASONICS, HEARING AND HEALTH 

Questions are sometimes raised about the potential harmful effects of ultrasound produced 
by laboratory-scale devices. Available data indicates that airborne ultrasonic fields do 
not appear to be hazardous to humans. There are, in fact, no known physiological effects 
from airborne ultrasound. Ultrasonic “sickness” appears to be largely psychosomatic, 
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engendered by apprehension or fear of the unknown. Most “awareness” of these 
processes is due to hearing the “high-audible” components of the noise, not ultrasound. 
The frequencies used range from 20 kHz and above. The upper threshold of normal 
human hearing is around 16 kHz. Individuals capable of hearing 20 kHz and above report 
only a “sensation”, rather than discomfort. It should be stressed to concerned individuals 
that the creation of sound waves involves no electromagnetic radiation. The acoustic 
energy passing through the air is at intensities far lower than those emitted by high-fidelity 
equipment; there is therefore no reason to fear harm, for example, to a fetus in utero. 

The sound emanating from an open vessel in which an ultrasonic processing horn is 
being operated is radiated primarily through the air-water interface and secondarily 
through the walls and bottom of the vessel. Ordinary industrial ear muffs or stopples will 
block the greater part of this noise, which is primarily in the 5-8 kHz range. Processing 
often takes place in a fume hood or fume enclosure which will effectively dissipate the 
sound energy. Special sound reduction cabinets are available to enclose the processor 
and vessel, however. The sound emanating from ultrasonic cleaners is also primarily radi¬ 
ated through the air-water interface. Any minor change in temperature, depth, or surfac- 
tancy of the cleaning solution, or in the bulk of material or number of objects immersed 
in the tank (or the depth of immersion), will dramatically reduce such noise. The degree 
to which the cleaning solution has been degassed will also have a significant effect on 
noise output. Use of a tank cover, preferably with an elastomeric gasket between it and 
the tank rim, is also helpful. 

It is important to isolate the processor, vessel, or cleaning tank from tables, walls, 
ducts, or other furnishings which could act as, or transmit vibrations to, resonant surfaces. 
Tanks and generators should be mounted on elastomeric feet. Processing convertors and 
cells should be held in elastomeric clamps. Tubing connections to processing cells should 
always be flexible, both to minimize sound transmission and to avoid interference with the 
resonant horn. Proper attention to such details will prevent potential annoyance to person¬ 
nel and complaints about mysterious maladies. In mechanical operations such as weld¬ 
ing, tip contact against a hard object can generate formidable levels of sound; effective 
protection should therefore be provided in these situations. 

One major source of internal sound (as opposed to that from the process) is that ema¬ 
nating from a loose or damaged horn or tip, or from a failing stack; it can be incredibly 
loud and piercing — and, also, harmful. Similarly, many manufacturers and users of ultra¬ 
sonic equipment routinely test it in open spaces without acoustic radiation protection; 
in so doing, they place their workers at risk and are liable for the consequences. Thus, 
again similarly, anyone working under such conditions must either do something about 
it or quit — or suffer attendant hearing loss. Unexplained inaudible sound at very high 
frequencies can cause a reaction of anxiety, of unease, while that at very low frequency 
can cause depression; understandably, none of these reactions occur when the subject 
is aware of the situation. 


1.6. USING ULTRASOUND TO ASSIST VARIOUS STEPS OF THE 
ANALYTICAL PROCESS 

Although the use of ultrasound to assist sample preparation has so far been limited 
in relation to its potential [39,40], few analytical chemists are unaware that US can 
help, improve, accelerate or automate the preliminary steps of the analytical process — 
particularly those preceding sampling (e.g. cleaning the lab material or degassing 
solvents). Ultrasound has also found a variety of uses in the detection step ranging from 
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improving the way that the sample reaches the detector or detection itself to the develop¬ 
ment of little-known special detection techniques [41]. 

Therefore, analytical chemists can exploit ultrasound as soon as they start developing 
a method for purposes such as expediting and (or) improving the performance of the dif¬ 
ferent steps to be carried out. This book therefore focuses on the ways the analytical 
chemists can use US energy in order to facilitate an educated choice relying on an appro¬ 
priate knowledge of the potential impact of US on each step of the analytical process. 

With this aim in view, the chapters that follow this exposition of principles of US, 
the ways they are implemented in the various types of devices available, and their 
advantages and restrictions, are structured as follows: Part I (Chapters 2-8) is devoted 
to US and sample preparation; and Part II (Chapters 9 and 10) deals with US and 
detection. 

Specifically, Chapter 2 discusses the concept of sample preparation and its implica¬ 
tions. Ways of minimizing or avoiding the main problems posed by solid and liquid sam¬ 
ples with the aid of US applied in the typical scenarios for two analytical chemical works 
(viz. discrete and continuous systems) are proposed. Also, the use of US prior to sample 
preparation is discussed before dealing with specific sample preparation methods suited 
to the physical state of the sample and the treatment it required for presentation to con¬ 
tinuous separation equipment (whether a chromatograph or a capillary electrophoresis 
module) or directly to the detector for monitoring, detection, characterization and (or) 
quantification. 

Chapters 3 and 4 deal with US-assisted treatment of solid samples involving variable 
degrees of dissolution. Thus, Chapter 3 is devoted to processes involving total dissolution 
of a solid, usually by the use of a drastic treatment like digestion; and Chapter 4 deals 
with partial dissolution of the target components in order to enable the use of a less dras¬ 
tic solution than digestion (e.g. leaching). The processing of fine solid particles sus¬ 
pended in a liquid (slurry) with the help of US, which causes some dissolution before the 
suspension reaches an atomic detector, in addition to other heterogeneous systems such 
as agglomeration, filtration, crystallization, defoaming, nebulization and sonophoresis, are 
the subject matters of Chapter 5. 

Chapter 6 is concerned with analytical steps involving liquid samples (or liquids result¬ 
ing from the steps discussed in Chapters 3 and 4). Thus, liquid-liquid extraction, emulsi¬ 
fication and homogenization, among others, can be assisted by US under appropriate 
conditions. 

Chapter 7 deals with other types of US assistance to enhance reactions of analytical 
interest including derivatization and reagent generation, or ultrasound-assisted oxidation 
or hydrolysis reactions. 

Finally, Chapter 8 discusses some well-established detection techniques such as elec¬ 
troanalysis, which has been greatly improved by US assistance and led to the development 
of sonoelectroanalysis, and others in which ultrasound has provided a more efficient way of 
placing or transporting the sample — or the solution resulting from a given treatment — to 
the detection point (e.g. ultrasound-assisted levitation or nebulization). 

Part II of the book deals with lesser known aspects of US for the analytical chemists 
such as its use as an energy source for detection purposes. Thus, ultrasound-based detec¬ 
tion techniques (viz. US spectrometry in its various modes including ultrasound attenuation, 
ultrasonic velocity, resonant ultrasound, laser-generated, ultrasound reflection and 
acoustic wave impedance spectroscopies) are dealt with in Chapter 9. Finally, Chapter 10 
is devoted to selected applications of US spectrometry — mostly non-analytical applica¬ 
tions from which, however, analytical chemists can derive new, interesting analytical uses 
for ultrasound-based detection techniques. 
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CHAPTER 2 

Generalities on Ultrasound-Assisted Sample Preparation 


2.1. GENERALITIES ON SAMPLE PREPARATION: THE CONCEPT 
OF “SAMPLE PREPARATION” 

The analytical process involves preliminary operations, measurement of the analytical 
signal, and acquisition and processing of the information it provides. The first step in the 
process varies and includes operations such as sampling, dissolution or leaching (of solid 
samples), filtration, clean-up, preconcentration and derivatization. 

Sampling is a complex process by virtue of the large number of factors which 
can influence it; such factors include sample homogeneity, the type of sampling model 
(e.g. randomized, stratified) used, the physical state of the system (solid, liquid, gas) and 
its stability, and the analyst’s expertise. Consequently, the complexity of the sampling 
operation depends on the particular application, which makes generalization impossible. 
In addition, some analytical methods exclude sampling in the analytical process as the 
sample would be unchanged before and after the process. Therefore, sampling can be 
dealt with separately. 

A sample can be named differently at different stages of the sampling process 
(see Fig. 2.1). Although the definitions of sample at the different stages are beyond the 
scope of this book and can be found elsewhere [1], the last two in Fig. 2.1 require some 
clarification for easier understanding here. Thus, “test sample” is the name given to 
“the sample taken or formed from the laboratory sample by a process involving homoge¬ 
nization using physical or mechanical treatments such as grinding, drilling, milling or siev¬ 
ing”; therefore, the sample only requires physical changes to reach this stage. On the 
other hand, the “analytical sample” is “the final product of sampling, which serves for the 
determination of at least one quality characteristic” and “is obtained by subsampling 
the test sample directly or by chemically or physically treating the test sample or a sub¬ 
sample of it, to provide a form suitable for analysis”. From the latter definition it follows 
that the solution obtained after solid-liquid extraction (the extract), dialysis (the dialysate) 
or elution from a sorbent (the eluate) is an “analytical sample”. This generic name is short¬ 
ened by most analytical chemists, who name any solution from any process — after which 
only a minimum part of the sample is contained in the solution — “sample”. In order 
to avoid potential misunderstanding, the authors have chosen to use the unequivocal 
name of the solution resulting for each specific treatment (viz. extract, dialysate, eluate) 
throughout the book. 

The other preliminary operations following sampling can be dealt with as a whole in 
relation to the concept “sample preparation” (SP). This term is widely used at present, 
but is occasionally confused with sample pretreatment as the boundary between the two 
(i.e. where sample pretreatment ends or what precedes and follows sample preparation), 
if any, is rather ill-defined. To the authors’ minds, sample preparation includes every step 
required to make the sample — or, rather, the target analytes contained in the original 
sample — ready for insertion into the measuring instrument and may involve more than 
one step; this is consistent with lUPAC’s statement that “sample preparation is intended 
to transfer or transform the analytes into measurable forms” [2]. On the other hand, 
sample pretreatment can be envisaged as the first step in sample preparation or as a step 
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Figure 2.1 . Schematic diagram of the sampling stages and associated terminology. 


preceding one other specific action (e.g. a pretreatment for either subsequent liquid-liquid 
extraction or insertion of a solution into a chromatograph). From this point of view, it is unclear 
when such a step finishes and detection starts in some cases (e.g. ionization in methods 
using MS detection or vapourization and atomization treatments in atomic detectors). 

Sample preparation is most often a necessity as even the simplest samples are 
frequently unsuitable for direct analysis. The need in most cases arises from excessive 
dilution or concentration of the target analytes in the sample or from incompatibility with 
standard instrument operation procedures. A large number of SP approaches have been 
devised to enable the detection of analytes that range from classical operations, many of 
which (e.g. calcination, wet digestion or Soxhlet leaching) have been used for centuries, 
to modern operations reported less than two decades ago (e.g. supercritical fluid leach¬ 
ing). In any case, both classical and modern operations are being continuously improved. 
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Sample preparation is the most crucial step and also the bottleneck of most analytical 
methodologies; also, it constitutes the principal source of error in the analytical process 
and remains one of the most time-consuming steps. In fact, in modern uncertainty eval¬ 
uation methods, the uncertainty associated with chemical preparation of the sample will 
be a part of the uncertainty budget of the final result [3]. Therefore, an improvement in 
SP can greatly help the analytical process. The foregoing has led to the increasing recog¬ 
nition of SP as a legitimate area of specialization in analytical chemistry in response to 
the growing advances and reliance on instrumental analysis. In fact, SP equipment is 
evolving like chromatography and spectroscopy in the past. However, SP is still consoli¬ 
dating, albeit incredibly rapidly. 

Efforts at introducing novel sample preparation modes are frequently not accompanied 
by implementation for the development of analytical methods. By way of example, most 
methods of analysis adopted by official bodies rely on traditional SP techniques. This can 
be ascribed to the fact that traditional methods are used in routine analytical laboratories 
and analysts know their functioning quite well. However, the traditional SP methods also 
have well-known shortcomings such as those derived from the use of toxic organics and 
multi-step procedures that often result in the loss of analytes and preclude integration 
with the other steps of the analytical process. Recycling pure solvents causes more 
problems than it solves and is generally unfeasible in spite of the increasing availability 
of integrated solvent management programmes. 

This situation is changing for many reasons and new sample preparation techniques 
are being introduced at a steady pace. Automation and miniaturization in sample prepa¬ 
ration are two widespread current trends that meet the needs of analytical chemistry and 
are implicitly included among the research priorities of the twenty-first century. This is a 
consequence of the development of miniaturized analytical separation systems, which 
has been recognized as one of the most important endeavours in this context as it fulfils 
many requirements and enables rapid analyses at low operational costs and causes no 
environmental pollution problems. Typical examples of miniaturized separation systems 
include the equipment for analytical separations involving hyphenated techniques such as 
LC-MS or CE-MS, which have been developed over the last few decades. After learning 
about the success of micro-scale separation techniques, many scientists are trying to find 
ways to miniaturize sample preparation processes especially suited to these micro-scale 
separation systems. The most recent trend in SP is therefore miniaturization and the 
focus is on how to miniaturize the process and which medium to use for the extraction and 
preconcentration of sample components. The benefits are obvious: shorter analysis time, 
reduced solvent and sample consumption, and the ability to process large numbers of 
samples simultaneously. 

Concerning solvent consumption, the costs associated with the use, transport and 
disposal of solvents in general these days provide an economic incentive to minimize it. 
In addition, this is consistent with existing policies aimed at reducing environmental con¬ 
tamination in view of the renewed awareness about the pollution and hazards of the 
organic solvents and inorganic acids on which many current sample preparation methods 
rely, which has promoted international initiatives to suppress their use. This phasing out 
of solvents is poised to induce a major change in analytical methodologies and also pro¬ 
vides an opportunity to formulate practical alternatives to existing sample preparation 
methods. This is the case with the recent SP methods based on the use of water as the 
only solvent [4,5]. 

The attention given to SP technology is increasing to a much greater extent than it 
has in the past, such that it has become an acceptable area of academic interest 
for knowing traditional methods and innovating new methods, but rarely for receiving 
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appropriate funding. Users at present know much more about traditional sample prepara¬ 
tion procedures than they did in the past, and they are realizing the influence of sample 
matrix characteristics on, for example, analyte extractability in terms of a fundamental 
knowledge on extraction kinetics and thermodynamic analyte-matrix interactions. 

Concerning new SP approaches, however, the present trend is to develop new meth¬ 
ods or improving existing ones in order to overcome the shortcomings of classical SP 
Examples of the latter include the use of auxiliary energies to assist sample preparation 
steps, or the development of new materials for solid-phase extraction. The ideal sample prepa¬ 
ration technique should be solvent-free — or, at least, use as little solvent as possible — 
applicable to a wide range of matrices and hence to a variety of situations; also, it should 
allow simultaneous separation and concentration of the target analytes, and be amenable 
to on-site use. 

New sample preparation technologies have been slow to develop despite their proved 
advantages over some of the older technologies. Modern SP methods include in-tube 
solid-phase microextraction [6] and liquid-phase microextraction [7], and have been largely 
devoted to bioanalytical applications — mainly to ensure biospecificity or a high selectivity — 
and membrane technologies [8]. The greatest hurdle that keeps practitioners from adopt¬ 
ing new analytical methods is the expenses, in terms of both capital cost and training 
requirements, involved. Thus, in spite of many strong driving forces such as increased 
sample loads, decreasing skilled labour force, increased worker safety and less exposure 
to chemical hazards, the need for enhanced productivity, better quality data with increas¬ 
ing regulatory constraints, and the greater need for information management, automation 
of SP and integration of information management into the analytical process have been 
accepted with some reluctance. 


2.2. PREPARATION OF SOLID SAMPLES 

As noted earlier, some of the steps that precede the insertion of the treated sample 
into the instrument for measurement (e.g. dissolution, clean-up, preconcentration, individ¬ 
ual separation, derivatization) can have a critical influence on accuracy and precision 
depending on the particular step. All analytical processes include a sample preparation 
step which is a function of a number of factors such as the physical state of the sample, 
the nature of the sample matrix and analytes or the type of detector, for example. The first 
distinction therefore refers to the nature of the sample: solid, liquid or gas. Solid samples 
are the most difficult to process as most analytical instruments cannot handle them. 
Therefore, the first operation in solid sample preparation involves transferring the target 
analytes to a liquid phase. This can be carried out in various ways including total dissolution 
of the test sample or partial dissolution or separation of a portion thereof. The different 
choices, which can be assisted by ultrasound, are depicted in Fig. 2.2, and discussed in 
the following sections. 


2.2.1. Definitions 

As defined by IUPAC, “dissolution is the process of mixing two phases with the formation 
of a new homogeneous phase (i.e. the solution)”. No distinction is made regarding 
nature of the phases. 

There are various ways of dissolving a solid, of which suspension in a solvent with 
agitation is the simplest, but also unfeasible in most cases. On the other hand, digestion 
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is the choice requiring the strongest conditions. The word digestion has several, rather 
different meanings. Thus, the Oxford English Dictionary (OED) defines it as “the opera¬ 
tion of dissolving a substance by the action of heat and moisture”, whereas Webster’s 
Third New International Dictionary (WTNID) provides the definitions “the process by which 
a material is softened or decomposed by heat or moisture or a chemical, often under pres¬ 
sure” and “the process by which soluble ingredients are extracted from plant or animal 
materials by warming a liquid”. The last definition is fairly close to that for a solid-liquid 
extraction and therefore departs from the former WTNID definition and OED’s. IUPAC 
defines digestion as “a chemical process for softening or solubilizing a material with heat, 
chemical reagents, and moisture”. Accordingly, the digestion process must be performed 
with the assistance of heat, chemical reagents and pressure. Also, calorific energy can be 
substituted or aided by other auxiliary energies in order to accelerate sample digestion. 
There are various ways of dissolving a sample by digestion depending on the particular 
conditions. Thus, if the sample is mixed with an appropriate flux material, heated until 
melting and then allowed to cool before the fusion cake is dissolved in a suitable solvent, 
the process is called fusion ; if the digestion is carried out with pure or mixed concentrated 
acids or bases, we are referring to wet digestion, and to dry ashing when the sample is 
heated at 400-500°C in a muffle furnace for several hours and the target elements are 
either converted into gaseous species and collected into an appropriate absorber for deter¬ 
mination or kept as a residue and dissolved into a suitable acid for analysis. Dry ashing 
is especially commonplace as a pretreatment step in the analysis of organic samples for 
metallic and non-metallic elements. The three previous classical treatments have been 
used for a long time, and frequently officially recognized as digestion methods. Enzymatic 
digestion is a more recent process with a high potential [9]. Digestion involves dissolving 
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the whole sample produced by a chemical reaction — mainly oxidation or reduction — which 
destroys the initial structure of the matrix. However, digestion occasionally fails to ensure 
complete dissolution owing to the presence of compounds insoluble under the digestion 
conditions used or formed during digestion by interaction with some reagents ( e.g . aqua 
regia). This is known as “partial digestion” or “selective digestion” as only a portion of 
sample and (or) some analytes are dissolved. This may be preferred to total decomposi¬ 
tion if the relative concentrations of the analytes in the test sample can provide rich 
enough information. A filtration or centrifugation step is mandatory in this case in order to 
remove suspended matter. 

Another way of passing the target analytes to a liquid phase is solid-liquid extraction, 
which is also known as leaching or lixiviation. The term extraction is defined as “the act of 
separating or otherwise obtaining (as constituent elements or juices) from a substance by 
treating it with a solvent, distilling, evaporating, subjecting to pressure or centrifugal force, 
or by some other chemical or mechanical process” by WTNID and as “the action of 
obtaining (elements, juices, etc.) from a thing or substance by any chemical operation”. 
To IUPAC, extraction is “a separation method in which a liquid solvent causes the transfer 
of one or more analytes into it from contact with a second liquid or solid phase mixture”. 
The word “extraction” is generic because it states nothing about the nature of the phases 
involved in the extraction process or how it is performed. Also, lUPAC’s definition does not 
distinguish between the solid or liquid nature of the initial phase of the analyte. Therefore, 
it can be confusing, so “leaching” is more appropriate to refer to solid-liquid extraction. 
The WTNID definition of leaching is “the process or an instance of separating the soluble 
components from some material by percolation”, and the OED definition “subjecting to 
the action of percolating water with a view to removing the soluble constituents”. Although 
the OED definition is restricted to water, the term is also applicable to solvents other than 
water. lUPAC’s definition is similar to the WTNID definition, so leaching is the specific con¬ 
cept for solid-liquid extraction by solubilization of the analytes, which also coincides with 
lixiviation. Usually, other sample components that behave like the analytes are also 
removed. As passage of analytes to a liquid phase is accomplished by more or less selec¬ 
tive solubilization, the sample matrix rarely loses its initial appearance. The difference 
between digestion and leaching is clear even in visual terms. 

Based on the most widely accepted meanings of leaching and digestion, the former 
process is more desirable whenever possible. Leaching the sample with complete 
removal of the target analytes provides a less complex liquid and the possibility of avoid¬ 
ing interferences. However, leaching is not a specific step, but only more selective than 
digestion because it maintains most matrix interferences in the solid. It is therefore 
common to use clean-up steps after leaching in order to remove any species that 
behave like the target analytes in the leaching step. However, complete dissolution of the 
analytes must be ensured if they are to be quantified precisely. Special care must be 
exercised in applying to natural samples a method that has been developed with spiked 
matrices. 

Another choice for solid sample preparation is the use of slurries (see Fig. 2.2). 
This choice has been used mainly for the determination of metallic elements with 
atomic detectors and has the advantage that this is the only sample preparation step 
required (in addition to grinding, sieving, etc.). Slurries for insertion into electrothermal 
atomizers are prepared by adding a liquid to the solid material, which is previously ground, 
sieved — if necessary — weighed and placed in a container for analysis. One require¬ 
ment is that the slurry should remain stable during the time required up to analysis. 
Slurries are therefore an alternative to digestion that dispenses with the need to decompose 
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the sample and also to leaching in those cases where obtaining a high efficiency in a 
short time is difficult. The introduction of slurries into atomic detectors combines some of 
the principal advantages of direct solid and liquid analysis. The advantages of the former 
include: (a) expeditious sample preparation times; (b) decreased analyte losses through 
volatilization or other phenomena prior to analysis; (c) reduced analyte losses through 
retention by an insoluble matrix in the case of leaching; (d) decreased likelihood of con¬ 
tamination by reagents, containers, etc.; (e) increased sensitivity resulting from the need 
for no sample dilution; (f) avoidance of hazardous acid, toxic or environmentally unfriendly 
solvents; and (g) the ability to selectively analyse microamounts of solids. On the other 
hand, the advantages of direct liquid analysis include: (a) the ability to introduce 
microamounts of samples into atomic detectors without the need to alter the instrument 
(conventional liquid sample handling apparatus such as autosamplers can be used for this 
purpose); (b) that to use simple liquid standards for quantitative calibration; and (c) that to 
add chemical modifiers. Also, the principal advantages of incorporating slurry preparation 
into the analytical process are as follows: (a) the ability to use an autosampler for 
unattended operation, thereby avoiding potential errors in transfers between containers; 
(b) that to process several replicates with a single aliquot and hence obtain a more 
accurate measure of precision; (c) that to manipulate large amounts of sample to improve 
representativeness; and (d) that to easily alter the slurry concentration by changing 
the solid-liquid ratio in order to fit the analytical signal within the best interval of the 
calibration curve. 

Although digestion, leaching and slurry preparation refer to three different operations, 
the distinction is purely theoretical. Thus, the three terms are used interchangeably by 
many authors, either because they pay little attention to the specific mechanism by 
which analytes are made ready for determination or because a confluence of processes 
conceals the precise underlying mechanism. Thus, the following overlapped processes 
are possible: 

(a) Overlapped digestion and leaching. The conditions used in some leaching methods 
are so strong that they destroy the sample structure. Therefore, one cannot speak 
of complete digestion since a suspended residue that is crumbly in appearance 
most times is obtained as a result. This sample treatment is made more similar to 
digestion by the presence of a number of matrix interferences that are dissolved 
together with the target analytes, so the process is far from selective. 

(b) Overlapped digestion and slurry preparation. When the conditions used to obtain 
the slurry are so drastic that they cause complete dissolution of the sample, the 
process is actually a digestion. Most often, slurry preparation involves the use of low 
acid concentrations (about 5% v/v) and some other reagents (e.g. detergents such as 
Triton X-100) to increase the stability of the slurry [10]. However, the use of drastic 
conditions occasionally results in complete sample dissolution rather than suspen¬ 
sion. The use of auxiliary energies (e.g. microwaves, ultrasound) also favours total 
dissolution. 

(c) Overlapped leaching and slurry preparation. Partial dissolution of suspended parti¬ 
cles always occurs during slurry formation and transfer to the detector, so more or 
less selective partial leaching occurs depending on the particular characteristics 
of the liquid phase. Partial and total leaching of the slurry can be distinguished by 
centrifugation in order to remove suspended matter. The difference in concentration 
between the slurry and solution upon centrifugation will be a measure of the leaching 
process. 
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2.2.2. Misused terms 

Suspension in a solvent with agitation, which constitutes the simplest and most time 
consuming — and, also often, the most unfeasible choice — is regarded as a direct dis¬ 
solution method. When assisted by US, this operation is also termed dissolution, which is 
in fact the general name designating the phenomenon as such; more precisely, however, 
if total dissolution of the sample is accomplished, then one should speak about digestion 
as auxiliary energy — and also reagents many times to facilitate dissolution — was used. 
In some other cases, only partial, selective dissolution is pursued, but the general term 
is also used. Some examples can help one match the appropriate term to each type 
of process. 


Misused terms in relation to ultrasound-assisted solid sample pretreatment 

Digestion. The influence of ultrasound on the dissolution kinetics of phosphate rock in 
HN0 3 solutions [11] and variables affecting it (viz. particle size, reaction temperature, acid 
concentration, amplitude of US power) were studied by Tekin [12]. The term dissolution 
in the presence of auxiliary energy and an acid seems inappropriate in this case as the 
process is more like a true digestion. Another case in point is the dissolution of pyrite ores 
in acid and Fe 2 (S0 4 ) 3 solutions, which is improved by 30% with respect to the absence of 
US energy [13]. 

Chemat etal. [14] found the joint use of US and microwaves for the treatment of edible 
oils for the determination of copper to shorten the time taken by this step to about a 
half that was required in the classical procedure (heating in a Buchi digestor) or with 
microwave assistance, nitric acid and hydrogen peroxide. However, they did not state the 
specific medium where the microwave-US-assisted method was implemented and 
assumed US to have mechanical effects only, even though they mentioned a cavitational 
effect. This is a very common mistake in working with US that is clarified in an extensive 
discussion by Chanon and Luche [15] of the division of sonochemistry applications into 
reactions which were the result of “true” and “false” effects. Essentially, these terms refer 
to real chemical effects induced by cavitation and those effects that can be ascribed to 
the mechanical impact of bubble collapse. The presence of one of these phenomena only 
has not been demonstrated in the work of Chemat et al. [14] — despite the illustrative 
figure in their article — so their ascribing the results to purely mechanical effects of US 
was unwarranted. 

Ultrasound is widely used as a pretreatment with a view to accelerating the subsequent 
anaerobic digestion of waste-activated sludge or stabilized sludge. There is some debate 
over what type of phenomenon does the US produce. Wang et al. [16] believe that 
US dissolves organic substances; Tiehm et al. [17] state that both sludge hydrolysis 
and raw sludge disintegration occurs. Also, Chiu et al. [18] claim that the joint effect of 
an alkaline medium and US produces hydrolysis, which they assessed from the 
amounts of soluble COD, organic nitrogen, and total volatile fatty acids produced, and 
also from biochemical acid potential-enhanced tests. Enhancements amounted to 84%, 
which clearly reflects the favourable effect of US. On the other hand, Onyeche et al. [19] 
state that US pretreatment of stabilized sludge causes cell disruption. On the other 
hand, Chu et al. [20] call this step a “weak” ultrasonic pretreatment and state that the 
total ultrasonic energy input to biosolids is inadequate to fully disrupt the floe structure 
of the cell walls as reported earlier. The discrepancy may have arisen either from the 
differences in the thorough study of the sonolytic effect or in US power and energy. 
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Whichever name is given to the US effect of improving sludge for subsequent anaerobic 
digestion, one important outcome is that sonication does not affect the bacteria that affect 
digestion [21]. 

Leaching. The general term “dissolution” is also widely used when only a portion of 
the solid is brought to a liquid phase. Such is the case with dissolution of crystallized 
salts in building materials [22], where only the target salts are put into solution. This is 
also a clear case of selective leaching that reflects the efficiency of US: the time required 
when the sample is subject to shaking at 60°C, 72 h, is reduced to only 45 min under 
50-kHz US. 

“Isolation” is also occasionally used instead of leaching or lixiviation. Such is the case 
with the procedure conducted under the influence of neutral protease and high-intensity 
US to dissolve starch in rice [23]. Inspection of the starch structure by high-performance 
size-exclusion chromatography and scanning microscopy revealed no damage to the 
molecular network or the starch granule surface; however, sonication increased the peak 
viscosities of rice starch. 

“Extraction” is also widely used in connection with solids; in fact, the names of some 
techniques such as supercritical fluid extraction include this word even though leaching is 
the actual underlying phenomenon in most instances. In the presence of US, some 
authors add the qualifier “cold” to clarify that no bulk heating is produced by this energy. 
This jargon is frequently used in relation to the leaching of metals from a variety of solids, 
especially soil and sludge [24]. 

“Dissolution” was also used instead of leaching by Trofimov et al. [25] in studying the 
US enhancement of the leaching kinetics — approximately 100% — of uranium oxides in 
supercritical carbon dioxide. Readers cannot be aware of the actual phenomenon 
involved until the authors state that after “adding hydrogen peroxide to the supercritical 
system, other uranium oxides different from U0 3 can be extracted”. Also, readily dissolved 
solids have been subjected to US for faster dissolution ( e.g. milk powder for the determi¬ 
nation of iron [26]). Strictly speaking, the use of auxiliary energy made the operation of 
digestion proper, even though the authors referred it as dissolution. 

Slurry preparation. The isolated phenomenon of fine particles remaining in suspension 
during their transfer to a nebulizer — the most frequent use of slurries in analytical chem¬ 
istry — is unusual. Partial dissolution of the solid to an extent dependent on the solubility 
of the sample components always occurs and is significantly or drastically enhanced by 
the presence of US. Such is the case with the determination of arsenic in sediments, coal 
and fly ash slurries, where, following suspension of the sample powder in aqua regia and 
hydrofluoric acid, US was applied for 30 min. Then, the slurry was diluted with hydrochlo¬ 
ric acid and allowed to stand for 48 h before hydride generation and transportation to an 
AA spectrometer [27]. The process was more akin to partial digestion than to slurry for¬ 
mation, but the authors failed to compare it with total digestion. 

Some contradictory results are obtained in the comparison of results in the determi¬ 
nation of arsenic after ultrasonic slurry sampling — the use of “sampling” is not most 
appropriate in this case as the sampling step is before the slurry formation — ultrasound- 
assisted extraction — “leaching” has been the correct word in this case — and microwave- 
assisted digestion [28], which will be treated in detail in Chapter 5. 

Also incorrect was the use of “slurry” to refer to the treatment of biological samples in 
a 3% nitric acid solution that were subject to US in autosampler cups prior to transferring 
the supernatant to an ETAA spectrometer [29]. This was clearly a US-assisted leaching 
step that took place in autosampler cups. 
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Physical removal. The physical removal of target analytes, which involves separating 
volatile species from a solid by heating or magnetically separating metals in most cases, 
has never to date been assisted by US energy This void is shown by dashed lines in 
Fig. 2.2. Scientists working in these fields are encouraged to study the effect of applying 
ultrasound to their target systems. 


2.3. PREPARATION OF LIQUID SAMPLES 

Although liquid samples are seemingly less prone to requiring energy assistance for 
proper development, acceleration or automation of a given step, a number of sample 
preparation steps are indeed improved by ultrasound. Figure 2.3 shows the most salient 
examples including and excluding a chemical reaction assisted by US. 


2.3.1. Ultrasound-assisted liquid sample preparation involving 
chemical reactions 

Any system involving a homogeneous liquid in which bubbles are produced is strictly not 
homogeneous; in sonochemistry, however, it is not unusual to deem systems under ultra¬ 
sound homogeneous. Sonochemical effects generally occur inside the collapsing bubble, 
where extreme conditions are produced, or at the interface between the cavity and the 
bulk liquid, where the conditions are far less extreme, or in the bulk liquid immediately 
surrounding the bubble, where the dominant effects are mechanical in nature. 

Derivatization has been assisted by US in some cases, both in continuous [30] and 
in batch approaches [31] and provides substantially improved product formation in all 
cases. Because the US was intended to improve a reaction, the origin of the effect was 
generally not studied and the effect was occasionally ascribed to degassing by US [31]. 



Ultrasound assistance to 
analytical liquid systems 



Figure 2.3. Classification of US-assisted liquid systems. 
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The accelerating effect of US on the determination of phosphate by the Molybdenum 
Blue method was ascribed to depolymerization of molybdate, which was thought to speed 
up its reaction with phosphate and increase the sensitivity [32]. 

Biocatalysed reactions assisted by US have mainly to do with enzymatic digestion [9]. 
These processes, which can involve solid, liquid and heterogeneous samples, are far from 
real digestions as only the target analytes are removed, the remaining sample compo¬ 
nents preserving their appearance, in most cases. This is a relatively novel use of the 
US-enzyme couple, particularly in hydrolysis reactions [33]. By contrast, US assistance 
to the joint use of enzymatic catalysis and supercritical fluids, which has aroused much 
analytical interest [34], continues to be unexplored as yet. 

Oxidation reactions are dramatically enhanced by US energy, as discussed in detail in 
Chapter 7. Analytically, US-assisted oxidation reactions are of enormous interest. Two 
cases in point are the determination of the oxidative stability of edible oils [35], where the 
analysis time is reduced from 129 h to only 50.5 min, and the degradation of highly con¬ 
taminated organic compounds, which is typically 10 000 times faster than natural aerobic 
degradation [36]. 

Organic syntheses, which are usually activated by heat or light, for example, have 
found an excellent energy source for the acceleration and (or) activation in ultrasound. 
This application of US has been the subject of specialist books [37,38] or chapters 
thereof [39]. One case in point is the mediated electrosynthesis of carbon-carbon bonds 
in totally “green” surfactant-free emulsion media generated by the application of power 
ultrasound to a two-phase water-organic medium [40]. The authors called these immisci¬ 
ble media erroneously as “mixtures”. 

Hydrolysis. Ultrasound assistance to hydrolysis reactions largely involves organic 
systems — both liquids and solid-liquid systems, which are dealt with here simply to 
reduce the number of subheadings — but also in inorganic systems — mostly heteroge¬ 
neous. One example of the latter is the improved photocatalytic activity of titania-only 
materials fabricated by an ultrasound-assisted hydrolysis process, on which US has an 
elusive effect [41]. In any case, organic hydrolysis is by far a much common application 
of US. These reactions almost invariably require high-intensity ultrasound [42,43]. When 
two immiscible phases are involved — which is most often — the authors consider the 
liquid-liquid interphase as interface [44]. 

Reagent generation. US has scarcely been used to generate reagents, even though 
it has proved highly effective for this purpose (e.g. with oxidant species [45,46]). The 
effect of US on these reactions has not been properly explained or exploited so far, 
however. 


2.3.2. Ultrasound-assisted liquid sample preparation without 
chemical reaction 

The way ultrasound accelerates physical operations in liquid sample preparation is poorly 
known and difficult to generalize because of the different nature of the target phenomena. 
In some, whether any chemical reaction occurs is unclear even though the outcome 
suggests the absence of chemical changes. 

Liquid-liquid extraction from an aqueous layer to an organic phase or vice versa is 
strongly affected by the presence of US, albeit not always in a favourable manner. Thus, 
some systems are helped by this energy [47], others experience undesirable emulsifica¬ 
tion. Those systems where a chemical reaction is coupled to the liquid-liquid extraction 
step benefit the most as a consequence of the influence of US on both. Such is the case 
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with the continuous liquid-liquid extraction without phase separation and subsequent 
hydrolysis of paracetamol in suppositories [48]. 

Emulsion is greatly promoted by US. This is the phenomenon occurring between two 
liquid immiscible phases by which one (dispersed) phase distributes in the other (contin¬ 
uous) phase in the form of small droplets with diameters in general exceeding 0.1 pm. 
Generally speaking, emulsions are thermodynamically unstable; however, their stability 
can be improved by using additives (e.g. a surface-active agent or a finely divided solid). 
The effect of US is based on droplet disruption in sonicated liquid-liquid systems as a 
result of cavitation. These systems are hardly used in analytical chemistry but widely 
employed by the pharmaceutical industry. 

Homogenization is effectively assisted by US without any alteration of the 
chemical characteristics of the system. This may be required one or several times 
during sample preparation in order to facilitate contact between solutions, or can be 
used prior to sampling in order to ensure representativeness in the studied system. Thus, 
US-assisted homogenization is widely used in the analytical laboratory, but has been 
scarcely studied or optimized during the development of specific analytical methods. 
Because the time required for US-assisted homogenization of liquids is usually very 
short, analytical chemists tend to use it for longer times and refer to these procedures with 
such vague sentences as “after adding the reagent, dip the container into an ultrasonic 
bath for x min”. 


2.4. PREPARATION OF HETEROGENEOUS SAMPLES 

The main purpose of US in handling heterogeneous media is for separating a solid from 
a liquid phase, dissolving it, or enhancing or accelerating the formation of a solid phase. 
The solid phase can exist in the sample as such or be formed as a result of, mainly, a 
chemical reaction (e.g. precipitation), but also a physical phenomenon (e.g. crystallization 
or aggregation). 


2.4.1. Ultrasound-assisted filtration and aggregation 

Filtration is one of the usual ways to separate phases, which is dramatically facilitated by 
US. Although the primary uses of this effect are in the industrial field — where retention 
of suspended solids within a porous medium subjected to US has been widely studied 
[49] — its analytical applications warrant some comment. Thus: 

(a) Filtration has been used to separate a solid phase formed in a chemical reaction 
involved in a SP process — where US has scarcely been used to facilitate filtration. 
One of the few examples of this use is the development of an automated on-line 
system for bioprocess control based on flow injection, ultrasound filtration and cou¬ 
pled charge detection [50]. A more frequent use of US associated to filtration is as an 
in situ measuring technique for the non-invasive study of fouling and cleaning during 
filtration [51]. 

(b) Filtration is also used as a preliminary operation in the preparation of samples 
containing undesirable particles, where analytical chemists have taken advantage of 
the experience gathered in the industrial field. This step is poorly discussed in the 
analytical literature, but has been widely studied in connection with the performance 
of filtration membranes in the presence and absence of US under different conditions 
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and US frequencies. As discussed in detail in Chapter 5, the US frequencies 
used range from 0.66 MHz and its 15th harmonic — which provide a unique way of 
facilitating separation of concentrated microparticles [52] — to the kilohertz range 
(20 kHz), which is used to ultrafilter suspended solutions [53]. 

Sonophoresis is another special type of US-assisted filtration in which the skin acts 
as a filter. 

Aggregation is another use of US radiation forces to handle suspended particles. The 
main difference with precipitation is that this involves the formation of a solid phase in a 
homogeneous liquid phase under US radiation; on the other hand, aggregation (or 
agglomeration), which should be called “sonoaggregation” (or sonoagglomeration) under 
the action of US, involves the formation of larger particles from existing small ones upon 
fast, efficient agglomeration facilitated by US. Aggregation is a phenomenon that analytical 
chemists hardly look for; on the contrary, it is undesirable in dealing with samples contain¬ 
ing suspended particles. Once again, this phenomenon is dealt with in this section simply 
to illustrate another application of US in analytical chemistry: the aim is to obtain large 
particles in a heterogeneous system with a view to facilitate the separation of the solid 
phase if the phases are to be isolated. This can be used prior to or after sampling, and 
also during sample preparation if a finely divided solid forms during SP 


2.4.2. Ultrasound-assisted dissolution of the solid phase 
in heterogeneous samples 

Analytically, solids in a heterogeneous sample are dissolved in order to determine some 
component of the solid phase or one randomly distributed between both phases. The spe¬ 
cific US-assisted process that occurs is rarely identified or given an inappropriate name, 
in most cases. Thus, in preparing milk samples for the determination of mercury by AFS, 
the name “slurry sampling” was used in connection with the liquid phase resulting from 
sonication of the samples in the presence of 8% (v/v) aqua regia, 2% antifoam and 1% 
hydroxylamine hydrochloride for 10 min, followed by treatment with 8 mM KBr and 1.6 mM 
KBr0 3 in a hydrochloric acid medium [54]. The treatment was not called digestion, because 
it was compared with a similar treatment for the subsequent determination by ICP-MS of 
45 elements in milk using microwave-assisted digestion [55]. 

Another frequent mistake in this context is to use “face” and “phase” indifferently. 
A case in point is the description of a method for the quantitative mechanistic study of 
ultrasonically enhanced reactions which occur at the solid-liquid interphase [56]. 

Dissolution of solid phases in clinical samples is possibly one of the areas of greatest 
success for US [57-59], as is biochemical field cell lysis [60]. 

Beyond the scope of this book, but also worth mentioning, is the use of US to assist 
heterogeneous organic reactions involving a metal as a reagent or catalyst, which is 
discussed in some detail in Chapter 5 [37-39]. 


2.4.3. Ultrasound-assisted formation of a solid phase: sonocrystallization 
and sonoprecipitation 

Sonocrystallization is the currently accepted name for the use of power ultrasound to 
control and accelerate the course of a crystallization process. This effect had previously 
been used in the salting-out process for years, and has been found to have a favourable 
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effect on the initial nucleation stage of crystallization (viz. for reducing both the induction 
period and the metastable zone before nucleation starts at a lower level of supersaturation). 
Ultrasound hence influences the crystallization process [61]. The effect of bubbles on the 
sonocrystallization of water [62], that of US parameters on the crystal structure of palm 
oil [63], and the wide use of this energy on food technology [64], illustrate the usefulness 
of US in this area. 

Like crystallization, US also successfully assists the formation of extremely finely 
divided and uniform particles, which can be termed sonoprecipitation. This effect, which 
has not yet been used in analytical chemistry and might facilitate sample preparation in 
nephelometric or turbidimetric methods, has been widely exploited by the pharmaceutical 
industry to prepare liquid dispersions of drugs for oral or subcutaneous administration 
where extremely small particle sizes ensure stable suspensions of the drug and faster 
assimilation into the body. On a laboratory scale, US-assisted precipitation of magnesium 
carbonate in a model system has been studied [65]. 


2.4.4. Ultrasound-assisted gas-liquid systems 

There are three major uses of US in analytical systems involving gas-liquid systems, 
which can exist as such or be created during sample preparation, namely: nebulization, 
defoaming and degassing. 

Nebulization is a physical process widely used in analytical chemistry for introducing 
samples into atomic spectrometers [66]. Ultrasonic nebulizers are the most effective 
devices for this operation. Rather than a step preceding sample preparation, nebulization 
is a sample preparation operation and so close to detection that the nebulizer is a com¬ 
ponent of flame and plasma spectrometers that influences their efficiency. This warrants 
separate discussion on ultrasonic nebulizers in Chapter 8. 

Non-analytical uses of US-assisted nebulization span the medical and pharmaceuti¬ 
cal fields, where aerosoling or aerolization is more frequently used than nebulization 
[67,68]. The use of ultrasound to assist the formation of micro-to-nano drops as the 
first step of spray-drying (atomization) also falls in this group, albeit in the industrial 
area. 

Defoaming is the operation by which foam is removed. Foam is the dispersion of a gas 
in a liquid where the distances between individual bubbles are very small. In a foam 
system, the volume ratio of gas to liquid is very high and the bulk density approaches that 
of a gas. Foam can cause problems in analytical operations such as chromatographic 
separation and molecular spectrometric detection. 

Acoustic transducers operating at 10 and (or) 20 kHz can be effectively used to defoam 
liquids by placing the acoustic source above the liquid surface upon which the foam is 
being produced. There is some controversy concerning the frequency of US capable of 
causing defoaming; this is discussed in some detail in Chapter 5 [69,70]. No dedicated 
acoustic defoamers have to date been reported in the analytical literature even though 
foaming is a frequent problem in analytical laboratories, particularly when working with 
surfactants. 

Degassing is an analytical operation usually preceding sample preparation that 
involves removing dissolved gases from a liquid (particularly in liquid chromatography). 
Like all other preliminary operations, degassing is discussed in detail in Section 2.6, where 
the effect of US on its efficiency is clarified. In any case, degassing may also be neces¬ 
sary when a gas is formed during SP No specific uses of US for degassing during SP 
have to date been reported, however, despite their potential. 
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2.5. DISCRETE VERSUS CONTINUOUS APPROACHES TO 
ULTRASOUND-ASSISTED SAMPLE PREPARATION 

The steps involved in SP can be performed (a) in a discrete or batch manner or (b) in a 
continuous fashion. The most salient differences between the two are as follows: 

In a discrete approach, the analytical system is confined in a vessel or container 
through the walls of which US energy is transmitted if an ultrasonic bath is used. The 
use of a US probe in this case can involve either to dip it into the vessel or into the trans¬ 
mitting liquid where the vessel is located. The complexity of the analytical system deter¬ 
mines the type of vessel or container to be used, namely: an open or closed, atmospheric 
pressure or pressurized device, a jacket-tailored device for maintaining the optimum 
temperature, etc. 

In a continuous approach, the analytical system rarely comes into contact with the 
US source, which is accommodated in the transmitting liquid surrounding the dynamic 
system. Whether or not the sample is placed in a fixed position of the dynamic system 
depends on its particular state. Thus, if the sample is a solid, it is held in a chamber fur¬ 
nished with filters at its ends through which a leaching or digesting solution is circulated. 
Obviously, the chamber is the zone subjected to US. When the sample is a liquid, it can 
either be circulated through the dynamic system or stopped for a preset time to be 
subjected to ultrasonic radiation in order to facilitate a chemical reaction, a liquid-liquid 
extraction, emulsification, homogenization, crystallization, precipitation, etc. The design of 
the dynamic system depends on the particular process and the working conditions under 
which it is developed. 


2.5.1. Commercial and custom equipments for ultrasound-assisted 
sample preparation 

The absence of commercial equipment for US-assisted sample preparation clearly 
reflects that the analytical chemists give little importance to this way of accelerating the 
operations. For this reason, most applications in this area have been developed by using 
standard laboratory materials such as round-bottomed flasks or even beaker or precipita¬ 
tion vessels. Some authors have implemented US-assisted sample preparation in com¬ 
mercially available cells specially designed for organic synthesis or have designed and 
constructed their own custom devices. 


Commercial and laboratory-made equipments for batch ultrasound-assisted 
sample preparation 

Chemical reactions often require vapour-tight apparatus, the slow addition of reagents 
or the use of an inert or pressurized atmosphere. These requirements are met by com¬ 
mercially available sonochemical equipments some of the simplest types are shown in 
Fig. 2.4 and described below. 

The so-called “Rosett cell” can be fitted with a flanged lid as shown in Fig. 2.4A. 
The design of this cell allows an irradiated reaction mixture to be sonically propelled 
from the end of a probe around the loops of the vessel and thus provides both cooling (when 
the vessel is immersed in a thermostated bath) and efficient mixing. A polytetrafluoroethylene 
(PTFE) sleeve ensures a vapour-tight fitting between the probe and the glass joint. 
Alternatively, an ordinary reaction vessel can be adapted for sonic mixing by providing an 
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reaction 



Figure 2.4. Commercial discrete devices for chemical reactions assisted by ultrasound 
probes. (A) Rosett cell, (B) indented cell, (C) Suslick cell and (D) cup horn. 


indentation on its base in order to disperse the sonic waves, as they are reflected from the 
base (Fig. 2.4B). In situations where high pressures are used, the reactor proposed by 
Suslick (Fig. 2.4C) is especially useful. Another commercially available cell type is the cup 
horn, which is a form of ultrasonic bath in which energy is imparted by an inverted horn 
sealed into the bottom of a water jacket or cup that enables temperature control of the 
sonicated system in addition to power control (Fig. 2.4D). 

Although most US-assisted analytical operations performed in a discrete manner 
(e.g. digestion, lixiviation and derivatization) can be implemented with conventional labo¬ 
ratory materials, some authors have designed special batch approaches for specific pur¬ 
poses, as illustrated in Figs. 2.5 and 2.6. The devices in Fig. 2.5 are very simple, their 
minimal complexity responding to the need for thermostation (Fig. 2.5A) or thermostation 
plus agitation and oxygen bubbling (Fig. 2.5B). In both cases, conventional US probes are 
directly dipped in the target analytical system. The experimental set-up shown in Fig. 2.5A 
was designed for the US-assisted leaching of heavy metals from sewage sludge prior to 
ICP-AES analysis. The sample cell was a simple glass container perfectly fitted to the 
thermostated water jacket, in which the sample and the optimum amount of acid solution 
were placed and sonicated at different amplitudes and times, with or without air bubbling 
during the leaching step. An all-glass sonotrode was used to avoid deterioration in the 
highly acidic medium used [71]. Figure 2.5B illustrates the US-assisted leaching of silver 
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Figure 2 . 5 . Simple laboratory designs of batch cells for US-assisted chemical systems. 
(A) Thermostated cell and (B) cell provided with thermostation, agitation and oxygen 
bubbling. (Reproduced with permission of Elsevier, Refs. [71,72].) 

from ores helped by the reaction of the analyte with thiourea. The set-up consists of a 
cylindrical jacketed-glass reactor subjected to continuous agitation and oxygen bubbling 
in order to favour silver oxidation. Because the probe was made of titanium, a medium US 
power had to be used in order to prevent the tip from premature pitting and erosion; in any 
case, the probe tip was replaced after 40 h of use [72]. 
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Figure 2.6. Laboratory designs of batch cells for US-assisted chemical systems. 
(A) Cell with closely locked transducer and (B) special cell provided with two transducers 
of different frequency (Reproduced with permission of Springer-Verlag, Ref [73] and 
Elsevier, Ref [74].) 
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The designs in Fig. 2.6 are a little more complex than the previous ones. That in 
Fig. 2.6A was designed for leaching particulate organic matter from airborne particles. 
As can be seen, the transducer was closely locked to the glass sample vessel and a 
condenser was connected to prevent evaporation losses. After leaching, the organic 
extract was delivered through the valve at the bottom of the vessel [73]. The design of 
Fig. 2.6B was used to examine the influence of dual-frequency US on leaching and 
constructed from a cup horn of 20 kHz frequency and 375 W power co-axially located 
exactly above and face-to-face with a transducer of higher frequency (transducers of 
40 kHz, 80 W; 43 kHz, 250 W and 720 kHz, 21 W were assayed) to increase the leach¬ 
ing efficiency [74]. 

Filtration is mandatory in batch work when a solid phase remains as such at the end 
of the process. 


Commercial and laboratory-made equipments for continuous ultrasound-assisted 
sample preparation 

One of the greatest advantages of continuous US-assisted operations is their ease of 
on-line connection to other operations in order to facilitate automation of the overall 
analytical process. In this way, the solutions obtained after each step need not be handled 
by the operator or come in contact with the atmosphere — which can be of enormous 
interest for some analytical systems. 

Figure 2.7 shows selected commercial devices for assisting dynamic systems by US. 
A continuous flow-cell such as that of Fig. 2.7A allows the fluid concerned to circulate 
under ultrasonication. A double chamber facilitates cooling or heating of the dynamic 
system during ultrasonication. One or two (or even more) liquids can be pumped into the 
cell, mixed and processed in the annulus, controlled by an adjustable orifice that can be 
moved in and out axially and with interchangeable orifice plates, thus providing full con¬ 
trol over the process parameters. A flow-through or tubular horn furnished with a hollow 
core tip and two inlets or orifices at the non-vibrating, nodal point of the horn such as that 
of Fig. 2.7B is also commercially available. This design ensures uniform mixing of two 
components by passing one fluid through the horn in the centre of the cavitational field, 
where it meets the other fluid coming radially inward from the body of the cell into which 
the flow-through horn is dipped. These cells require an additional device for propelling 
the fluids through them. Commercial continuous nebulizers can also be assisted by US, 
as shown in Chapter 8. 

The development of laboratory-made continuous systems for US-assisted sample 
preparation requires more complex material and skilled designers than do batch systems. 
Thus, a propulsion (or aspiration) device — usually a peristaltic pump — is mandatory 
for propelling the fluids through the dynamic system. In addition, switching and (or) injec¬ 
tion valves may be required for proper functioning of the system. The flexibility of these 
systems is discussed at length in Chapters 3-8, so only a few, general examples, are 
depicted in Fig. 2.8 and dealt with here. 

Depending on the particular application, a continuous US-assisted system must propel 
the fluids (a) in a single direction (mainly for derivatization, filtration, degassing) or 
(b) alternately back and forth in order to bring the two phases involved (two immiscible 
liquids in liquid-liquid extraction, and a solid and a liquid phase in leaching or digestion) 
into contact many times. In this way, less diluted extracts, leaching or digestion solutions 
are obtained. In the former case, the design of the continuous approach must be 
suited to the characteristics of the chemical system. Thus, proper mixing of the sample 
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Figure 2 . 7 . Flow-through cells for US-assisted chemical systems. (A) Jacketed cell for 
thermostation and (B) flow-through horn. 


(or the liquid resulting from a previous step) with a buffer or derivatizing reagent will 
require using a number of channels and merging points. Figure 2.8A shows a selected 
example of this type of system. 

Figures 2.8B and C illustrate the two choices available when the direction of the 
flow in the dynamic approach is changed at preset intervals by programming. The 
former figure shows an open system in which the fluid passes alternately through 
the chamber in the two directions until the desired development level is reached. Then, 
the programmed propelling unit works only in one direction in order to drive the fluid 
to a reservoir, the detector or other dynamic unit for development of another step. 
Figure 2.8C shows a closed circuit including switching valves for keeping a given volume 
of fluid circulating through the chamber (usually containing a solid). After the preset time 
for proper development of the step has elapsed, valve SV is switched and the solution 
delivered as required. A more detailed description of these systems can be found in 
subsequent chapters. 
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Figure 2.8. Continuous-flow laboratory manifolds for US-assisted processes. (A) One-way 
system for liquid-liquid extraction, (B) Open, one- or two-way leaching system and 
(C) Closed, one- or two-way leaching system. C — coil, OR — collection reservoir, 
IV — injection valve, LP — liquid phase, PC — personal computer, PL — propagating 
liquid, PP — peristaltic pump, SC — sample cell, SL — sample loop, SV — switching 
value, UP — ultrasound probe and WB — water bath. 
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All continuous laboratory-made systems share two common features, namely: (a) the 
chamber or portion of the dynamic system subjected to US action is dipped in the trans¬ 
mitting liquid; and (b) after the US-assisted step is completed, the liquid phase is deliv¬ 
ered for subjection to the next continuous or discrete step, which, in the simplest case, is 
detection. 


2.6. ANALYTICAL USES OF ULTRASOUND PRIOR TO 
SAMPLE PREPARATION 

The steps discussed in this section are invariably close to sample preparation. While 
cleaning is clearly outside the scope of sample preparation, degassing may or may not 
be used as a preliminary operation in analytical chemistry; however, it is most frequently 
employed prior to the analytical process. Its use within the process is discussed in 
Chapter 5. A physical process such as atomization when understood as the formation of 
finely divided droplets is rarely used in analytical chemistry, even though it could be 
employed for sample conservation instead of lyophilization. The potential ways in which 
US can be used to improve it are discussed in Section 2.6.3, which is devoted to US- 
assisted atomization. 


2.6.1. Ultrasound-assisted cleaning 

Ultrasonic cleaning is a major application of power US. Few laboratories currently do not 
have any access to an ultrasonic cleaning bath. The cleaning of surfaces and porous 
materials with the aid of US involves stripping away oxides and other films, emulsifying oil 
coatings, suspending particulates, enhancing detergency or degreasing without using a 
hydrocarbon solvent. 

Although cleaning is a mandatory operation prior to starting an analytical process, it is 
hardly described in analytical publications. The wide use of US to assist the cleaning of 
analytical material — from glassware to columns through the widely varied devices and 
units suffering from clogging or bad functioning caused by dirt — is clearly reflected in the 
presence of ultrasonic cleaning baths in not only analytical, but also virtually any type of 
laboratory. The variety of ultrasonic cleaning baths commercially available is another 
clear reflection of their widespread use. 

With some contaminants, ultrasonic cleaning is best carried out in aqueous solutions 
of alkaline, acid and (or) surface-active substances. This is appropriate for water-soluble 
impurities or for impurities that react chemically with the alkaline or acidic substances con¬ 
tained in the bath to give water-soluble products. Aqueous ultrasonic cleaning is also used 
when the impurities are hard, sparingly soluble and loosely bound to the substrate (e.g. 
graphite, soot, silica). However, many impurities do not respond to economical cleaning in 
water solutions and require an effective organic solvent instead. The solvent to be used 
should easily dissolve the impurities, not damage the cleaned substrate, be safe (i.e. non¬ 
toxic, non-explosive, non-flammable and environmentally friendly) and exhibit a high sen¬ 
sitivity to the factors that intensify cleaning. The last requirement is often ignored and an 
inappropriate solvent is chosen frequently as a result. Table 2.1 summarizes the proper¬ 
ties of available solvents for ultrasonic cleaning as compiled by Niemczewski [75]. 

The efficiency and limitations of US-assisted cleaning have been classified into two dif¬ 
ferent categories [76]. One involves enhancing mass transport via acoustic streaming and 
microstreaming, which accelerates the dissolution of soluble contaminants. The other 



Table 2.1 . Solvents Available for Ultrasonic Cleaning. 



Solvent 

Chemical name and empirical formula 

Producer 

Boiling point 

(°C) 

Flash point 
(°C) 

Hazard class 
(German vbf) 

1 

NPM 

A/-methylpyrrolidone (C 5 H 9 NO) 

BASF 

204.3 

91 

B III 

2 

Dowanol DPM 

Dipropylene glycol monomethyl ether (C 7 H 16 0 3 ) 

DOW 

189 

75 

B III 

3 

Dowanol TPM 

Tripropylene glycol monomethyl ether (C 10 H 22 O 4 ) 

DOW 

243 

121 

— 

4 

Dowanol PnB 

Propylene glycol mono /7-butyl ether (C 7 H 16 0 2 ) 

DOW 

171 

63 

A III 

5 

Dowanol DPnB 

Dipropylene glycol mono /7-butyl ether (C 10 H 22 O 3 ) 

DOW 

229 

111 

- 

6 

Dowanol TPnB 

Tripropylene glycol mono /7-butyl ether (C 13 H 28 0 4 ) 

DOW 

274 

133 

- 

7 

Dowanol DPnP 

Dipropylene glycol monopropyl ether (C 9 H 20 O 3 ) 

DOW 

213 

88 

A III 

8 

Dowanol TPnB-H 

Propylene glycol buthyl ether (C 7 H 16 0 2 ) 

DOW 

>274 

>124 

- 

9 

Dowanol PGDA 

Propylene glycol diacetate (C 7 H 12 0 4 ) 

DOW 

191 

86 

A III 

10 

Proglyde DMM 

Dipropylene glycol dimethyl ether (C 8 H 18 0 3 ) 

DOW 

175 

65 

A III 

11 

12 

Clenvex AS58 

Mixture of aliphatic hydrocarbons (isoparaffins) 

Castrol 

180-200 

56-58 

A III 

Clenvex AS 105 

Mixture of paraffins and naphthenes 

Castrol 

230-260 

105 

- 

13 

Cleaner IC-1 

Mixture of aliphatic hydrocarbons (cyclo. n. iso). 

Shell 

174-199 

65 

A III 



Monohydric alcohol and polyhydric alcohol 





14 

Topklean EC-16 

Mixture of aliphatic hydrocarbons (cyclo. n. iso) and 
emulsifier 

Shell 

184-198 

64 

A III 

15 

Topklean EC-20 

Mixture of aliphatic hydrocarbons (cyclo. n. iso). 

Shell 

174-199 

65 

A III 



Alcohols and oxygenated solvents 





16 

Cleaner C-153 

Mixture of aliphatic hydrocarbons (cyclo. N. iso) 
with a chain length of C 10 -C 12 and inhibitor 

Shell 

184-198 

64 

A III 

17 

Cleaner A-151 

Mixture of aliphatic hydrocarbons (cyclo. N. iso) 
with a chain length of C 10 -C 12 . Oil penetration 
improving agent and inhibitor 

Shell 

184-305 

64 

A III 
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18 

Cleaner D-7 

Mixture of aliphatic hydrocarbons (cyclo. N. iso) 
with a chain length of C 10 -C 12 . Oil penetration 
improving agent and inhibitor 

Shell 

225-305 

99 

A III 

19 

Fluid 105 

Mixture of aliphatic hydrocarbons (isoparaffins) with 
a chain length of mainly C 12 and special dewatering 
additive 

Shell 

187-212 

60 

A III 

20 

Degreaser 107 

Mixture of aliphatic carbons (isoparaffins) with a 
chain length of C 10 -C 12 and inhibitor 

Shell 

187-212 

60 

A III 

21 

Hydrofluoroether 

Methoxynonafluorobutane (C 4 F 9 0 CH 3 ) 

3M 

54 

None 

- 


HFE-7100 






22 

Hydrofluoroether 
azeotrope HFE- 

50% Methoxynonafluorobutane + 50% trans- 1,2- 
dichlorethylene 

3M 

41 

None 

- 


71DE 






23 

Vertrel XF (HFC 
43-10 mee) 

2.3-Dihydrodecafluoropentane (C 5 H 2 F 10 ) 

Du Pont 

55 

None 

- 

24 

Vertrel XM. XE. 

Azeotropes of Vertrel XF with methanol, ethanol, 

Du Pont 

37-54 

None 

- 


MCA. SMT. X-P10 

frar?s-1,2-dichloroethylene and isopropanol 






Reproduced with permission of Elsevier, Ref. [75]. 
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involves mechanical effects arising when cavitation occurs close to the boundary. The 
stresses involved can lead to pitting and are also used to disrupt cells in biological appli¬ 
cations. The use of shock waves, collision of the bubble’s wall on the surface upon col¬ 
lapse and microjetting has also been considered. Unlike laser-induced bubbles, the size 
and position of which above the surface can be very precisely controlled, ultrasonic bub¬ 
bles appear randomly where “cavitation nuclei” are present. Such nuclei can be surface 
inhomogeneities, bubbles remaining from previous cavitation events or impurities. Also, 
because multiple cavitational events occur at once, the local sound field and acoustic 
pressures vary with time and are then impossible to control. The accelerating action of 
US in dissolving particles in a cleaning process is therefore very complex. Scanning elec¬ 
tron microscopy (SEM) studies have shown that the surface particles become both 
smoothed and pitted as a result of sonication. Therefore, it seems that multiple mecha¬ 
nisms are occurring simultaneously: microstreaming acts to smooth particle surfaces and 
dissolve particles, while shock waves and microjets imploding on the particle surfaces 
both shear and pit the surface of the particles. The presence of organic matter such as 
humic acids in the particles further increases the complexity of the system [77]. 

The study of vibroacoustic characteristics of ultrasonic cleaners as a function of 
their operational low- or high-frequency (kilohertz and megahertz ranges, respectively) 
has shown that the cleaning mechanism of the former relies mostly on cavitation in the 
cleaning liquid, and that of the latter on the high-frequency acceleration in the liquid [78]. 

Well-established cleaning approaches such as that based on the effect of high-speed 
water jets can be improved by subjecting the jet to ultrasonic forced modulation [79]. 


Commercial and custom-made ultrasonic cleaning systems 

Most manufacturers of ultrasonic cleaning equipment offer a wide variety of apparatus 
from table top devices of less than a gallon capacity to 250-300 gallons in some cases. 
Thus, American firms such as Miraclean Cleaning Systems, Ashville, NY; Alexy 
Associates Inc., Bethel, NY; Blue Wave Ultrasonics, Davenport, 10; Bowden Industries Inc., 
Huntsville, AL; Branson Ultrasonics Corp., Jamestown, NY; CAE Ultrasonics, Danbury, CN; 
Greco Brothers, Providence, Rl; Jensen Fabricating Engineers Inc., Berlin, CN; 
L&R Mfg. Co., Kearny, NJ; Lewis Cleaning Systems, Oxford, CN; Misonix Inc., 
Farmingdale, NY; PowerSonics LLC, Elsersburg, MD; Ramco Equipment Corp., Hillside, NJ; 
Sonicor Instrument Corpo, Copiague, NY; Telsonic Ultrasonics, Bridgeport, NJ; Ultra 
Clean Equipment, Clinton, CN; Ultrasonics Power Corp., Freeport, IL; and Zenith 
Ultrasonics, Norwood, NJ provide such devices with characteristics that differ greatly in 
some cases. 

An ultrasonic cleaning apparatus where the cleaning fluid and the dirty object minutely 
vibrate in two different directions [80], and an ultrasonic cleaning method in which 
ultrasonic energy of different frequencies is simultaneously applied [81] are two typical 
examples that have gained two representative patents in this field. Specially designed 
US cleaners for the simultaneous treatment of 96-384 microplates have been marketed 
by Biotek. 


Clinical and food ultrasonic cleaning 

For over 40 years, much has been done on the purported ability of high frequency or high 
intensity ultrasound application to disinfect and sterilize. Sterilization is defined as the 
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absolute killing of all disease organisms — fungus spores included. Disinfection is not as 
rigorously defined and does not necessarily include inactivation of spores. The strongest 
advocates of US admit that ultrasound do not sterilize, by themselves, under normal use 
in an ultrasonic cleaning tank such as those used by dentists. Also, no reputable manu¬ 
facturer has ever claimed any such property. The existing ultrasonic equipment can, and 
routinely does, disrupt all bacteria, virii and fungi under controlled laboratory conditions, 
but it is a totally different type of device than an ultrasonic cleaner. Such equipment, 
termed high-intensity probes or disruptors, under such trade names as SONICATOR, 
SONIFIER, or VIBRA-CELL, applies sound on a very small area to disrupt organisms and 
produces energy densities many orders of magnitude higher than that available in even 
the best ultrasonic cleaning tank. 

In addition to direct disinfection and sterilization, several surprisingly successful exper¬ 
iments about a decade ago led to the development of a number of highly proprietary 
processes in which ozone and other purifiers are introduced into chemical and wastewater 
flows in the presence of a cavitational field. The outcome has been greatly improved 
efficiency of the chemical action and the obtainment of purified or even potable water at 
economical costs. 

Ultrasonic technologies span a wide range of hospital and dental applications includ¬ 
ing cleaning and disinfection of surgical and dental instruments. The germicidal efficiency 
of sonication in the presence and absence of a chemical disinfectant in an ultrasonic bath 
delivering a frequency of 35 kHz and an intensity of 0.66 W/cm 2 was tested in cultures 
of Staphylococcus aureus, Pseudomonas aeruginosa and Candida albicans that were 
exposed to ultrasound and to an amine-based disinfectant at non-bactericidal concentra¬ 
tions. Ultrasonication for 60 min alone caused no significant killing of the bacteria or yeast; 
however, it boosted the efficacy of the disinfectant against S. aureus and P. aeruginosa. 
Candida albicans was more resistant to this combined effect, which was not reduced 
inside rubber tubes [82]. According to the authors of the study, the influence of the soni¬ 
cation intensity and frequency and the effects of cavitation should be clarified before this 
form of energy is accepted as an integral part of the cleaning and disinfection process 
of medical instruments. The effectiveness of ultrasound for the removal of metallic parti¬ 
cles from the surface of stainless steel and Ni-Ti endodontic instruments has also been 
demonstrated [83]. 

The ultrasound-assisted decontamination of minimally processed fruits and vegeta¬ 
bles was studied on a small scale (2 I) and large scale (40 I). The reductions in Salmonella 
typhimurium attached to iceberg lettuce obtained by cleaning with water, chlorinated 
water, US with water and US with chlorinated water were 0.7, 1.7, 1.5, 2.7 logs, respec¬ 
tively. The cleaning action of cavitation appears to remove cells attached to the surface 
of fresh produce, thereby rendering the pathogens more susceptible to the sanitizer. 
The frequency of US (25, 32-40, 62-70 kHz) had no significant effect on the decontam¬ 
ination efficiency. Despite the results, the authors believe that, because of the high capi¬ 
tal investment required and the expenses incurred in the optimization and water treatment 
processes, it is unlikely that the fresh produce industry would be willing to take up this 
technology. Furthermore, the additional one log reduction achieved by applying US to 
a chlorinated water bath does not completely eliminate the risk of pathogens on fresh 
produce [84]. 

Possibly, the high value added to the processed food will facilitate the implementation 
of non-invasive ultrasonic apparatus for the removal of fouling in food processing equip¬ 
ments. With this aim, an ultrasonic apparatus operating at a frequency of 40 kHz was 
developed for dislodging biofilms from food processing equipments in order to assess the 
effectiveness of cleaning protocols. The optimum sonication conditions for the removal 



Generalities on Ultrasound-Assisted Sample Preparation 


61 


of biofilms and quantification by ATP-bioluminescence was established and a laboratory- 
scale industrial meat process was developed to test the approach. The results showed 
biofilm removal by sonication for 10 min to be reproducible and four times greater 
than with the swabbing method (83% removal of fouling versus 20% with the latter). 
Unlike the swabbing method, the ultrasonic apparatus — which is easy to use and can be 
operated by an unskilled operator — permits the immediate demonstration (within 1 min) 
of inefficiency in an industrial meat cleaning protocol [85]. 


Ultrasonic cleaning of membranes 

Filtration membrane fouling is characterized by an “irreversible” decline in flux. Most of the 
dedicated literature published over the past two decades has focused on fouling rather 
than cleaning, even though what appears to be a fouling problem may in fact be a clean¬ 
ing problem, which is more important in ultrafiltration (UF) systems. A variety of chemical 
and physical cleaning methods currently exists for cleaning a fouled membrane and it has 
been suggested that the cleaning frequency and the severity of such cleaning procedures 
govern the membrane’s lifetime. Considerable progress has been made in understanding 
fouling formation, the interaction between foulants, the membrane and the operating 
conditions with a view to designing new, better cleaning methods [86]. 

Ultrasound assistance has proved effective for cleaning membranes of widely different 
materials with substantial advantages over traditional cleaning procedures as shown by 
flux measurements, SEM and ultrasound echo measurements [51]. A comparison of the 
efficiency of three types of cleaning methods (viz. forward-flushing, ultrasonic cleaning 
and ultrasound with forward-flushing) revealed that US combined with forward-flushing 
provided a new effective method for the recovery of permeate flux through nylon microfil¬ 
tration (MF) membranes. A high forward-flushing velocity and a low cleaning solution 
(water) temperature under fixed US conditions were found to result in a higher cleaning 
efficiency. In addition, on-line US can reduce membrane fouling and enhance permeate 
flux [87]. The factors affecting US efficiency in cleaning particle-fouled ceramic membranes 
and possible underlying mechanisms have been investigated. Based on flux measurements, 
an increased US power intensity and low frequency improve particle removal. These results, 
together with SEM images, suggest that cavitational mechanisms (e.g. microstreaming 
and microstreamers) are important in detaching particles from the membrane surface, 
while turbulence associated with US (i.e. acoustic streaming) plays a role in the transport 
of particles away from the surface following detachment. Micro-jets seemingly produced 
no significant removal relative to microstreamers, although evidence of micro-jet pitting 
was visible in SEM images of the fouled surface. In addition, SEM images did not expose 
any apparent damage to the membrane surface, even after long periods of US at a high 
power intensity and a low frequency (20 W/cm 2 , 20 kHz) [88]. In any case, membrane 
deterioration depends strongly on the nature of the membrane as revealed by a study on 
the effect of 47-kHz US on polyethersulphone, polyvinylidenefluoride and polyacryloni¬ 
trile. Major changes in some membranes were observed upon irradiation by monitoring 
the variations of pore density, porosity and pore size distribution in homogeneous areas 
of the membranes by using image analysis before and after irradiation [89]. 

Ultrasound cleaning has also been used to remove fouling from UF polysulphone and 
MF cellulose membranes used to treat peptone and milk aqueous solutions, respectively. 
The US employed had 28, 45 and 100 kHz frequency with 23 W/cm 2 output power. With 
28-kHz US, water was found to be effective for recovery from a deteriorating condition due 
to fouling; US-enhanced permeability of membranes was also observed. It is worth noting 
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that US decreased the fouling condition in both types of membrane when irradiated 
before fouling [90]. 

Ultrafiltration of whey is a major membrane-based process in the dairy industry; 
however, the commercial availability of this application has been limited by membrane 
fouling, which has a concomitant influence on the permeation rate. Ultrasound cleaning of 
these fouled membranes has revealed that the effect of US energy is more significant in 
the absence of a surfactant, but is less markedly influenced by temperature and trans¬ 
membrane pressure. The results suggest that US acts primarily by increasing turbulence 
within the cleaning solution [91]. 


Ultrasonic cleaning of fine mineral suspensions 

Some of the main reasons for cleaning mineral surfaces include the need to remove: 
(1) contaminants attached as surface coatings, which is often required with glass-making 
sands; (2) surface coatings masking a surface property of a mineral which would normally 
allow it to be separated from others (e.g. in the electrostatic separation of mineral sands); 
and (3) surface compounds such as the oxidation products of a mineral, which may prevent 
or delay the attachment of dissolved chemicals intended to alter surface properties in 
order to enable separation by techniques such as froth flotation. The study of the factors 
influencing the surface cleaning of silica and heavy metal sands has led to the knowledge 
of the relationship between US power input and the particle size of the surface coatings 
removed [92], and facilitated the reduction of iron oxide in a silica sand from 0.025% 
to less than 0.012% Fe 2 0 3 — the difference between material suitable for clear glass 
containerware and that suitable for tableware [93]. 


Ultrasonic cleaning of metal surfaces 

The type of solvent to be used and synergistic effects on the US-assisted cleaning of 
metal surfaces depend greatly on the target surface and the subsequent treatment to 
which the clean surface is to be subjected. 

Surface preparation of steels and other metals and alloys is essential prior to most 
finishing processes (particularly coating and vacuum coating). Otherwise, yields will suffer. 
Aqueous and organic solvent ultrasonic cleaning have been assayed for achieving the high¬ 
est possible quality surfaces without inflicting any damage to the components. Aqueous 
ultrasonic cleaning provides excellent results for surface cleaning of steel prior to finishing. 
The method is preferred over organic solvent-based methods for obvious environmental 
reasons [94]. On the other hand, the sequential treatment of the substrate surface with a 
cotton gauze soaked with an organic solvent and ultrasonic cleaning with an organic solvent 
provides an adhesive surface of Ti-Ni alloy for sputter deposition of pure titanium film [95]. 

The jewellery industry also uses ultrasonic cleaning, which buys a sizable fraction of 
the existing commercial apparatus for cleaning purposes. 


2.6.2. Ultrasound-assisted degassing 

Ultrasound-based degassing involves removing gases from solutions without the need for 
heat or vacuum. The cavitational effects underlying sonochemical action are also the 
basis of the extremely effective use of US to degas liquids. Once cavitation bubbles have 
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formed, they fill with any dissolved gas. Because the bubbles contain gas, they do not 
collapse easily in the compression cycle of the wave, so they will continue to grow on 
further rarefaction cycles, filling with more gas and eventually floating to the surface. 
Since rarefaction cycles take place extremely rapidly (around 40 000 times per second in 
an ultrasonic bath), the bubbles grow so quickly that degassing appears to be almost 
instantaneous. 

A distinction should be made between the bubbles which are formed by cavitation 
and those which occur naturally in the parent liquid or are induced by ultrasonic 
action (sparging). Cavitation bubbles, which range in size from infinitesimal to visible 
(40 pm and above) appear only when the radiating surface is activated and vanish appar¬ 
ently instantaneously when the power is turned off (in fact, they vanish within a half-cycle 
or 25 x 10 -6 s at 20 kHz). Naturally occurring bubbles of entrapped air or other gases 
are most evident in freshly poured hot tap water as cloudiness or in still water as 
small bubbles adhering to the undersurface and the vessel walls. Sparged bubbles, 
which are those induced mechanically by external means such as ultrasonic action at or 
near the gas-liquid interface (the surface), tend to float in the liquid and even produce 
foam. 

Because bubbles must grow, rise and escape through the surface for degassing to 
be successful, variables such as temperature, viscosity, vapour pressures and surface 
tension have a critical influence. The distance bubbles must travel to reach the surface 
is especially influential and the process must be designed to allow for such a transit time. 
In order to provide for transit, the energy may be interrupted periodically by pulsing the 
activity of the radiator. To further complicate matters, because cavitation causes both 
sparging and coalescence, the energy level (intensity) must be carefully selected. These 
adjustments are done empirically. 

The degassing of liquids and low-melting melts under the action of US was among the 
earliest effects revealed in the 1930s [96] and has been widely studied ever since. 
Theoretical treatments of the dynamics of a single bubble in a pressure field have been 
undertaken for many decades which have allowed a distinction to be made between 
stable and transient cavitation [97]; a high-frequency reactor to be designed to study the 
degassing effect [98]; and ultrasonic propagation through aqueous kaolin suspension 
during degassing to be studied [99]. 

Porosity is one of the major defects in aluminium alloy castings. The presence of 
porosity can be detrimental to the mechanical properties and corrosion resistance of the 
castings. Porosity in castings occurs as a result of the precipitation of gas from solution 
during solidification or of the inability of the liquid metal to feed through the interdendritic 
regions to compensate for the volume shrinkage associated with solidification. Hydrogen 
is the only gas that is appreciably soluble in molten aluminium. Figure 2.9 shows the 
effectiveness of ultrasonic treatment for the removal of hydrogen, which is further 
improved when performed in vacuum [100]. The dynamics of hydrogen evolution in 
aluminium alloys as a function of the processing time, melt temperature, and initial hydro¬ 
gen concentration have been investigated by Xu et al. [101], and the mechanism of 
US degassing discussed. Naji Meidani and Hasan developed in two similar publications 
[102,103] a mathematical model combined with a physical model to simulate the growth 
characteristics of a single bubble in a liquid by rectified diffusion. The model is based on 
the coupled momentum, energy and mass transport equations. The effects of the initial 
bubble radius, initial concentration of dissolved gas in the liquid, and the amplitude and 
frequency of the imposed ultrasonic field on the process of rectified diffusion were numer¬ 
ically studied. Experimental results were compared with those of the mathematical model, 
and the two exhibited a quite reasonable overall consistency. 
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Figure 2.9. Kinetics of hydrogen removal from the melt (an aluminium alloy) with 
different degassing techniques: (1) universal flux, (2) ultrasonic treatment, (3) vacuum 
treatment and (4) ultrasonic treatment in vacuo. (Reproduced with permission of Elsevier 
Ref [100].) 


One salient example of the need for degassing in the clinical field and of the effective¬ 
ness of ultrasound for this purpose is a prototype of ultrasonic micro-degassing device 
for portable dialysis systems. The bubbles inside these systems reduce the effective 
exchange surface area, which is extremely important here [104]. 

Although degassing is a very common operation in analytical chemistry (particularly in 
liquid chromatography), it is rarely described in analytical procedures. Phrases such as 
“a previously degassed mobile phase (sample)” is the only description provided in the 
experimental section of papers. An unusual reference to this step can be found in an 
article on the ion chromatographic determination of trace levels of bromate by the use of 
large-injected volumes, which included the following sentence in its abstract: “With more 
than 1.5 ml injection volume, a sample pretreatment with a cartridge in Ag and H form, 
followed by a 10 min degassing in an ultrasonic bath, was needed” [105]. However, no 
further information about the degassing step or the type of US device used was provided 
in the Apparatus section. 


2.6.3. Ultrasonic atomization 

Atomization is the popular name given to the first step in a spray-drying operation, viz. the 
division of a liquid, suspension or emulsion into fine narrow-sized droplets or particles 
which can quickly lose the liquid phase under appropriate physical conditions. Liquids, 
suspensions and emulsions are usually atomized by forcing them at high velocity through 
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a small aperture; however, US is a more effective way for this purpose as it provides finer 
droplets with high sphericity and a uniform size distribution that ensure a lower momen¬ 
tum associated with ejected droplets relative to the droplets obtained by using conventional 
nozzles. 

Bauckhage et al. [106] conducted an in-depth study on US standing-wave-assisted 
optimization by using two sonotrodes (20 kHz) oscillating against each other to disinte¬ 
grate extremely viscous fluids (viz. synthetic resins and highly concentrated suspensions), 
or fluids with a high tension such as metal melts, into narrow-sized, extremely small droplets 
and from there the production of fine spherical powders. In this way, they obtained high 
solidification rates for metal powders (in particles with mean diameters of less than 
10 pm) of up to 2 x 10 -6 K/s. More recent research in this field has allowed correlations 
to be established with a view to predicting droplet size in US atomization, which accounts 
for the effects of the physico-chemical properties of the liquid (flow rate, viscosity, density 
and surface tension) and ultrasonic properties such amplitude, frequency and the area of 
the vibrating surface [107]; also, it has allowed analytical information about concentration 
characteristics to be derived from droplet diameter distributions [108]. 

Available knowledge of US atomization has enabled its use to enrich surfactants from 
aqueous solutions [109], and prepare lead-zirconate-titanate powders and ceramics via 
sol-gel and ultrasonic atomization hybrid methods [110]. The most important field of 
application of US atomization is probably the pharmaceutical industry, where the produc¬ 
tion of nanoparticles using supercritical C0 2 antisolvent is helped by US atomization, which 
also enhances mass transfer and prevents agglomeration through increased mixing. 
Nanoparticles as small as 130 nm in size have been obtained by using a power supply of 
180 W [111]. Also, US atomization can be performed in a reduced pressure atmosphere 
for aseptic spray-drying for microencapsulation [112]. 

Dedicated portable atomization equipment has been patented [113] and an atomizer 
for the production of submicron, nanostructured metal powders with melting points up to 
2000°C has been reported that testify to the interest of research in this area [114]. 

Although spray-drying is unusual in analytical chemistry, it is occasionally preferred to 
freeze-drying for sample conservation as it is faster and more economical — and also the 
only effective way of removing the liquid phase when the sample is fat-rich [115]. 
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CHAPTER 3 

Ultrasound-Assisted Sample Digestion 


3.1. INTRODUCTION 

Direct solid analysis (viz. the detection of the target analytes in an untreated solid sample) 
is an area of limited scope in Analytical Chemistry Only a few techniques such as 
infrared, Raman, photoacoustic and X-ray spectrometries and others that use some 
device of the electrothermal, laser ablation or glow-discharge type, for example, prior to 
sample insertion into an atomic spectrometer or a laser source to remove small portions 
of the solid sample for their subsequent analysis (e.g. laser-induced breakdown spec¬ 
troscopy (LIBS)) are useful for this purpose. The greatest problem associated with the 
direct analysis of solid samples arises in the calibration step. Calibration can be done in 
various ways involving reference materials (RMs), synthetic solid standards, the method 
of standard additions and the use of aqueous standards. Reference materials are scant 
and are often replaced with synthetic solid samples mimicking the composition of the orig¬ 
inal sample. However, preparing synthetic solid standards is a difficult, time consuming 
process that is only justified when both the number of samples and that of analyses 
involved is quite large (e.g. in the steel industry). The method of standard additions has 
been used to suppress the influence of the bulk composition of solid samples; however, 
it relies on the assumption that the analyte contained in the solid sample and that of the 
added analyte will be identically affected by the matrix. Finally, the use of aqueous 
standards entails assuming that the instrumental signal will be independent of the bulk 
matrix and dependent on the analyte concentration alone. This requirement is rarely met 
owing to the presence of spectral and chemical interferences from the matrix [1]. 

Therefore, as noted in Chapter 2, most analytical methods involve some sample 
preparation step. Most often, such a step involves the transfer of the target analytes 
from the solid to a liquid phase. By exception, some techniques such as headspace or 
pervaporation involve the physical removal of volatile analytes from the solid sample. 

One way of transferring a solid to a liquid phase is by sample dissolution, which, 
according to the IUPAC, is the process by which two phases are mixed to form a new 
homogeneous phase. Although IUPAC does not specify the nature of the two phases, 
its definition refers to the mixing of a solid phase and a liquid phase to obtain a solution. 
Based on this definition of dissolution, a solid can be dissolved in various ways, the 
simplest of which is by suspension in a solvent under agitation. Agitation can be provided 
by a vortex, magnetic stirrer, mixer or, simply, manual shaking. This operation is called 
“direct dissolution” and is not considered to be part of the analytical process, even though 
it can be a major source of error if it is not conducted properly. This operation can be per¬ 
formed in an efficient, reproducible manner by using robotic methods to avoid human 
intervention. 

Sample dissolution can also be accomplished by using heat, chemical reagents 
and moisture. The underlying process is called “digestion” and involves decomposition of 
the sample matrix and the loss of its initial structure. Matrix decomposition is based on 
chemical processes ranging from complex reactions (e.g. destruction of organic matter by 
oxidation under drastic conditions) to the mere solvation of sample molecules for their 
dissolution. In addition to heating, chemical reagents and moisture, the pressure can be 
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modified in order to assist sample digestion. The use of high pressures allows the solvent 
to be maintained in a liquid state at a temperature above the boiling point. Calorific energy 
can be replaced or supplemented with other auxiliary energies such as microwaves or US 
in order to accelerate sample digestion. Each type of energy assists digestion differently; 
thus, microwaves raise the temperature very rapidly, whereas US increases it slowly to an 
equilibrium value. Ultrasound can assist digestion via mechanical and chemical effects. 


3.2. INFLUENCE OF ULTRASOUND ON SAMPLE DIGESTION 

3.2.1. Effects involved in ultrasound-assisted sample digestion 

As stated in Chapter 1, sonochemical studies have focused on the chemical effects of US. 
However, US is also known to have mechanical effects through super-agitation, the effects 
being especially significant at low frequencies. In digesting a suspension of a solid 
sample in a liquid phase, irradiation with US has several mechanical and chemical effects 
taking place simultaneously, all of which help dissolve the sample. The most important 
mechanical effects are microjetting and microstreaming. The former is a consequence of 
cavitation at or near any large solid surface, the resulting bubble collapsing in an asym¬ 
metric way. The large solid surface hinders liquid motion from the side concerned, so the 
major liquid flow into the collapsing bubble comes from the other side of the bubble [2-4]. 
As a result, a liquid jet is formed that implodes on particles, which collide between them, 
shearing, smoothing and pitting their surfaces, thus decreasing their size. The liquid jet 
can attain speeds above 100 m/s [5]. Microstreaming is a consequence of cavitation in 
the presence of suspended powder. When particles are small, they are mechanically 
disaggregated; this results in the dispersion of loosely held clusters and hence, in dissolu¬ 
tion. Therefore, the mechanical effects of US act in combination as microjetting reduces 
particle size while microstreaming disperses particles and facilitates dissolution. It should 
be noted that microjetting and microstreaming are not the sole possible mechanical 
effects; ablation, erosion and interparticle collisions, among others, can also occur, albeit 
to a lesser extent. 

Concerning chemical effects, US is known to increase the reactivity of some chemi¬ 
cals. The high temperature and pressure within a collapsing cavitation bubble produced 
by US irradiation causes the formation of free radicals and various other species. The pri¬ 
mary chemical effects are therefore the promotion and acceleration of reactions involved 
in sample digestion. 

Although the mechanical and chemical effects are simultaneous, their impact differs. 
The digestion conditions are strongly influential and the basis for the two digestion modes 
are depicted in Fig. 3.1. Ultrasound-assisted soft digestion (USASD) is usually the result 
of using US at an ambient or warm temperature and atmospheric pressure as the only 
auxiliary energy. Under these conditions, mechanical effects are the main agents respon¬ 
sible for sample digestion, even though chemical effects are also present. On the other 
hand, US-assisted strong digestion (USASTD) involves drastic conditions equivalent 
to those of an exhaustive sample treatment, including high temperatures and the use 
of highly reactive chemicals (e.g. pure or highly concentrated oxidants or reductants) in 
addition to ultrasonication. 

The digestion approach of choice depends on particular sample composition. Provided 
the sample does not contain insoluble or refractary compounds, USASD may suffice 
to accelerate its dissolution. On the other hand, a complex matrix will normally have to 
be decomposed by drastic treatment, particularly if it contains refractary compounds. 
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US-assisted soft 
digestion (USASD) 


US-assisted strong 
digestion (USASTD) 


Figure 3.1. Ultrasound digestion modes and effects involved. 


The digestion conditions to be used may alter some species, including the target analytes. 
Any such alterations which may result in analyte losses should be avoided. Some alter¬ 
ations have no effect on the final result; thus, atomic detectors provide the total concen¬ 
trations of the target elements irrespective of their chemical form. 


3.2.2. Variables affecting ultrasound-assisted sample digestion 

Both ultrasonic baths and probes are useful for US-assisted digestion. When the ultra¬ 
sonic energy provided by a bath suffices to accelerate dissolution of the sample, its use 
is preferred to that of a probe because baths are more commonplace in analytical labo¬ 
ratories. However, the increased power output of ultrasonic probes is often required to 
shorten digestion times. No comparison of the efficiency of the two types of ultrasonic 
source for US-assisted digestion appears to have been reported to date. 

The procedure for performing US-assisted digestion is very simple. Although an 
ultrasonic bath can be used as the vessel, this is not a good option in order to avoid 
corrosion of its walls. Immersion of standard glasses, vessels or cells of different 
materials into it is therefore preferred. The procedure involves weighing the sample in the 
vessel, adding the liquid phase and immersing it into the bath for ultrasonic irradiation 
under appropriate conditions. With probes, the tip is usually immersed in the vessel 
containing the solid dispersed in the liquid phase. However, when some chemical 
reagents can attack the tip (e.g. in a metal probe), the probe and sample vessel should 
be placed in a transmitting liquid. 
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The performance of baths and probes in US-assisted digestion under soft or strong 
conditions depends on various factors that are rarely optimized for maximal efficiency and 
throughput in developing US-assisted digestion methods. 


Variables affecting ultrasound-assisted digestion in both baths and probes 

Ultrasound-assisted digestion is strongly influenced by a number of variables; however, 
most analytical chemists are unfamiliar with them and fail to optimize them and report 
their values. This is one of the main origins of poor precision and reproducibility in 
digestion procedures. 

Vessel shape. One factor that is usually ignored in discrete analytical studies in general 
and digestion in particular is the shape of the vessel where the target chemical system is 
contained. Although round-bottomed flaks are the most commonly used vessels, flat- 
bottomed vessels (e.g. conical flasks) are preferred. This is because the transfer of energy 
is much more effective when the sound impinges directly on the flat bottom of a conical 
flask than when it hits the underside of a spherical container at an angle as this results in 
some energy being reflected away. One example is the digestion of potassium carbonate 
in dimethylformamide, which can be monitored via the decrease in particle size. As can 
be seen from Fig. 3.2, flat-bottomed conical vessels (i.e. vessels with a high base area to 
volume ratio) are more effective than round-bottomed flasks [2]. 



Figure 3.2. Influence of vessel shape and stirring on the US-assisted digestion of 
potassium carbonate (1 g) in dimethylformamide in: (a) a 100 ml conical vessel without 
stirring; (b) a 100 ml round-bottomed vessel with stirring; (c) a 100 ml conical vessel with 
stirring; (d) a 250 ml conical vessel with stirring. (Reproduced with permission of Oxford 
Chemistry Press, Ref. [2].) 
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The type of manifold to be used for continuous work should be thoroughly optimized 
once the power of the ultrasonic source has been checked to be adequate for the 
intended purpose. 

Stirring of the solid-liquid system. As can be seen in Fig. 3.2, stirring the target 
suspension is highly advisable in batch work. This is particularly important in solid-liquid 
systems because the solid settles at the base of the vessel unless it is dispersed or agi¬ 
tated during the US-assisted step. The reason why additional stirring is so advantageous 
in this situation is that it ensures effective contact between the solid and liquid phases 
during sonication. 

Temperature of the medium. Ultrasonic irradiation warms up the solid-liquid system. 
The resulting adverse effects of the temperature changes can be avoided in various ways, 
namely: 

(a) By adopting the highest temperature reached during US application as the equilibrium 
temperature. 

(b) By operating over very short periods and using cold water in the tank — the 
temperature can be assumed to remain essentially constant over short bursts of 
sonication. 

(c) By circulating thermostated cooling water through the tank. 

The currently available ultrasonic probes and baths are equipped with temperature 
control. There is an operational working alternative, particularly with US-probes, that is 
called “temperature mode” and involves applying US only until the sample reaches a 
preset temperature. 

Pressure. The influence of this factor on digestion, both classical (e.g. wet digestion 
or dry ashing [6-8]) and otherwise (e.g. microwave-assisted digestion [9,10]), has 
been demonstrated, but scarcely studied in US-assisted digestion. There are only a 
few cases where high pressure has been applied using closed ultrasonic reactors for the 
acceleration of chemical reactions. These devices can also be used as ultrasonic 
digestors. 

Characteristics of the solvent. Solvent properties affect US-assisted digestion as they 
impose the cavitation threshold above which sonochemical effects are “felt” by the medium. 
Also, any phenomenon altering some solvent property can modify such a threshold. Thus, 
any change in temperature results in a change in solvent properties such as the vapour 
pressure, viscosity or surface tension, which affect cavitation and their effects as a result. 

Radiation amplitude. This variable is directly related to the amount of energy applied to 
the system. Exhaustive treatments require high irradiation amplitudes, for which probes 
are more suitable than baths. 

Volume and nature of the transmitting liquid. The volume of transmitting liquid is 
another variable to be considered with ultrasonic baths and also when the sample 
reservoir is immersed in a thermostated bath in the case of probes. Small volumes of 
the transmitting liquid make direct impingement of the ultrasonic probe on the sample 
microcell redundant. With large volumes, US efficiency is decreased through scatter of 
the ultrasonic energy in the bulk solution. 
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The nature of the transmitting liquid must always be taken into account with ultrasonic 
baths, and also with probes when they are not to be dipped in the sample vessel. 
The nature of the liquid influences the cavitation phenomenon (viz. the estimation of the 
zones that will receive the maximum irradiation amplitude). 

Particle size. Particle size is a key variable inasmuch digestion mechanisms are 
influenced by particle diameter. In fact, depending on particle size, simultaneous 
microstreaming and microjetting or some other effect can dictate the efficiency of 
US-assisted digestion to a variable extent. 


Variables specific to ultrasonic baths: vessel position 

The most important variable with ultrasonic baths is the position of the irradiated vessel 
with respect to the transducer. This is a consequence of non-uniform energy distribution 
in the bath owing to the formation of standing waves. 

In the most common bath design, the ultrasonic transducer is attached to the 
underside of the metallic base of the bath and the strongest power level occurs directly 
above the transducer. However, the ultrasonic power profile in the bath liquid varies in a 
non-uniform manner with the distance from the base. This has been ascribed to the fact 
that US is driven through the liquid as waves, so there are points where the irradiation 
amplitude is maximal and others where it is zero. Maxima are always desirable and can be 
calculated as multiples of the half-wavelength of sound ( X ) in the medium. Such distances 
can be calculated from the equation: 


c = f-X (3.1) 

For example, the velocity of sound (c) through water is approximately 1500 m/s, so 
the wavelength of US in water for a transducer operating at a frequency (/) of 20 kHz 
will be 7.5 cm. The maximum effect expected will occur probably at distance intervals 
of 3.75 cm from the transducer position. These high-intensity positions can be accurately 
located by using a simple mapping technique involving sonicating a piece of aluminium 
foil placed vertically in the bath. After a preset irradiation time, a number of perforations 
will appear in the foil. Obviously, the vessel will have to be positioned at the point 
where the maximum irradiation is to be expected. For a bath with a single transducer 
on the base, this is a simple task: the vessel must be placed vertically above the trans¬ 
ducer. For a bath with multiple transducers, application of a mapping technique is more 
difficult. The points of maximum irradiation can be located in other ways as described in 
Chapter 1. 


Variables specific to ultrasonic probes 

There are other specific physical variables that influence digestion assisted by an ultrasonic 
probe, namely: 

Depth of immersion into the sample vessel or bath containing the transmitting liquid. 

This variable has a decisive influence on the effect of ultrasonic probes. This is because 
virtually no sonication exists alongside or above the tip. Therefore, if the probe is only 
slightly immersed, it will cause foaming at the liquid surface and result in the loss of 
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US energy. On the other hand, if the probe is immersed to an excessive depth, the energy 
supplied will be inadequately transmitted through the liquid and the digestion efficiency 
will suffer as a result. 

Probe tip-sample cell distance. This variable should be considered when the probe is 
not inserted into the sample vessel. The shorter the distance, the less attenuation occurs 
and the higher is the energy applied to the sample as a result. 

Application of pulses and duration. This variable, which affects ultrasonic probes 
exclusively, comes into play when operating in a pulsed mode. In USASD, sample disso¬ 
lution can be favoured by short or long pulses; in USASTD, the severity of the treatment 
requires using long pulses. 


Variables affecting continuous ultrasound-assisted digestion 

There are only two references to continuous US-assisted digestion, both by the same 
authors [11,12], who optimized the composition of the liquid phase, sonication time, 
temperature, volume of solvent and flow-rate. On the other hand, they failed to consider 
the potential effects of other important variables such as the shape of the container, the 
volume and nature of transmitting liquid, particle size and, especially, the position of 
the container in the ultrasonic bath. 

All comments above about common and specific variables for ultrasonic baths and 
probes also apply to continuous US-assisted digestion, which additionally involves 
dynamic variables. The most influential dynamic variable is the flow-rate of the liquid 
phase, which should be set in such a way as to avoid compaction of the solid in the cham¬ 
ber and ensure effective contact of the two phases. Consequently, the flow-rate of choice 
in each case will depend on the particular solid-liquid system. 

Other dynamic variables to be optimized include the direction of the liquid phase 
flow, combinations of static and dynamic cycles and use of straight or coiled tubes in 
the continuous manifold. 


3.3. ULTRASOUND-ASSISTED SOFT DIGESTION (USASD) 

Ultrasonic energy is frequently used to accelerate the dissolution of solid samples 
under soft conditions of temperature, pressure and chemical reagents. Similar to direct 
dissolution by agitation, US-assisted soft digestion is not used to the same extent as 
other operations of the analytical process such as leaching, derivatization or detection. 
The simplicity of this operation with some types of samples and the operator’s lack of 
awareness of its error contribution are responsible for the absence of optimization 
studies for this process. Inappropriately conducted soft digestion can result in major errors 
and affect the quality of the results. 


3.3.1. Scope of ultrasound-assisted soft digestion 

Dissolution is usually performed by suspending the solid sample in a vessel containing a 
solvent and agitating the mixture by manual or mechanical stirring or shaking to ensure 
complete transfer of the solid into the liquid phase. This operation is normally carried out 
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at room temperature but is facilitated by warming. Direct dissolution is applied to readily 
soluble samples. 

Dissolution as a sample preparation step is preferred to leaching and the physical 
removal of analytes when the sample can be easily solubilized without the need for 
exhaustive or drastic treatment. There are obvious advantages in the simplicity of the 
dissolution operation (e.g. the need for no operator training and the ability to perform the 
dissolution in an automated way by, for example, using a robotic approach). 

Dissolution can be virtually instantaneous or may take minutes or even hours — this 
being the longest step in the analytical process. One way of accelerating dissolution is 
by using auxiliary energy such as that of US. Ultrasound facilitates dissolution via 
mechanical effects and, to a lesser extent, chemical effects. A vast number of analytical 
methods use US energy to facilitate sample dissolution by soft digestion. However, opti¬ 
mization data and additional information about the mechanisms involved in each case are 
rarely reported. Obviously, the assistance of US to the dissolution of solid samples has 
been sought in those applications where substantially shortened analysis times were 
expected. 

Ultrasound-assisted soft digestion is subject to the same shortcomings as other disso¬ 
lution modes. Thus, the most serious shortcoming is the absolute lack of selectivity 
relative to other solid SP alternatives by effect of the whole sample being transferred to 
the liquid phase. This lack of selectivity is a major drawback for USASD as an alternative 
to other SP approaches in an analytical process and can dictate its exclusion in favour 
of a more selective choice involving removal of the target analytes and providing a less 
complex liquid, thereby reducing the risk of interferences. One way of circumventing 
the lack of selectivity of USASD is by using a determination technique selective for 
the target analytes. While this is always desirable, when unfeasible, additional steps 
can be performed to reduce or suppress the effects of interferents. There are several 
ways of increasing the selectivity of the analytical process, by chemical or biochemical 
reactions, such as complex formation, surface adsorption, electrochemical reactions, etc. 
The choice will depend on the particular analyte(s) and (or) interferent(s) [13]. One other 
drawback of USASD that detracts from sensitivity is the dilution effect of the liquid phase. 
This drawback can be overcome by using a subsequent concentration step that will addi¬ 
tionally raise the selectivity of the method via the concomitant clean-up effect usually 
inherent in preconcentration steps. 

Although clean-up and preconcentration help to improve the selectivity of dissolution 
and offset the dilution effect, they lengthen the analytical process. This drawback should 
always be borne in mind in view of the growing tendency to shorten the analytical process 
so as to analyse as many samples as possible in the shortest time. It is always preferable 
to use selective steps such as leaching, pervaporation or headspace to remove the ana¬ 
lytes from a solid sample. However, very frequently, they fail to provide quantitative results 
owing to inadequate efficiency and (or) precision. In this situation, USASD is an effective 
alternative to ensure complete transfer of analytes to a liquid phase and hence the 
quality in the results. 

Although USASD involves soft operating conditions, the absence of analyte changes 
caused by US should be checked whenever preserving the stability of the analytes is 
important. The high temperatures and pressures reached within a collapsing cavitation 
bubble produced by US induce the formation of free radicals, which can trigger reactions 
altering the concentrations of the target analytes. 

As previously stated, both ultrasonic baths and probes can be used for USASD, both 
in discrete and continuous approaches. Thus, the choice of an ultrasonic bath or a probe 
will depend on the particular treatment to be applied. If a bath provides enough energy 
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for the intended purpose, then it should be preferred to a probe as it is more widely avail¬ 
able and allows several samples to be treated simultaneously and in greater amounts. 
The absence of uniformity in the energy profiles emitted by baths can pose problems in 
digesting several samples simultaneously because the intensity can vary between them. 
Among others, this can affect the determination of volatile or labile analytes, which may 
be differently vaporized or degraded, respectively, depending on the position of the 
sample in the bath. 

Probes supply more powerful energy; also, in the absence of highly reactive chemicals, 
the tip can be directly inserted into the digestion medium. 

Most applications of USASD are discrete in nature. This can be ascribed to the 
fact that few research groups have so far worked on continuous approaches despite 
such major advantages as automation and reduced chemical consumption. Because 
automation is one of the main goals in developing continuous systems, the best way of 
performing batch digestion steps in an automated manner is by using a robot to mimick 
the operations carried out manually by an operator [14]. 


3.3.2. Experimental checking of USASD mechanisms 

As previously stated, the principle behind USASD is based on the mechanical effects of 
US, which enhance the kinetics of some processes. Let us review such effects in the light 
of recent studies. 

That soft digestion enhanced by US was first demonstrated by Kannan and Pathan 
[15], who soft-digested aqueous benzoic acid in the experimental device shown in 
Fig. 3.3. The cylindrical geometry for the sample was intended to ensure uniformity in 
the solid surface and improved accessibility by the liquid phase. The solid was immersed 
in a water bath with temperature control at 31 °C. The ultrasonic source was a probe that 
was inserted vertically into the water bath. The device was rated at 500 W and 20 kHz 
frequency. Trial experiments of USASD without temperature control of the water bath 



vessel 

Figure 3.3. Experimental set-up for the USASD of benzoic acid in water. (Reproduced 
with permission of Elsevier, Ref. [15].) 
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resulted in a fast temperature rise and rapid solid digestion. With temperature control, the 
process was much slower, but developed in a more uniform way. The runs involving US 
assistance were of shorter duration than those without ultrasonic energy, which exhibited 
very low digestion rates. Thus, the runs involving no US assistance took 5 h at a low cylin¬ 
der speed (50 rpm); with US at 70% of the nominal converter power, the run time needed 
to obtain approximately the same concentration of benzoic acid in the solution as in 
absence of US was 40 min. The application of US resulted in a mass transfer coefficient 
up to 5.5 times higher than in the absence of sonication. On the other hand, increasing 
the speed of rotation five times increased the mass transfer coefficient by approximately 
three times only. Therefore, US was much more effective than mechanical rotation, 
which testifies the strong influence of ultrasonic energy on the transfer of the solid to the 
liquid phase. The effect is probably a result of increased turbulence and a consequent 
reduction in mass transfer resistance when the solvent impinges on the solid. 

Some authors have studied in depth the mechanical effects of US that produce the 
superagitation phenomenon upon application of US. Such effects can act simultaneously 
or separately depending on the characteristics of the sample (particularly its composition 
and particle size); also, the mechanism can change by effects of variations in particle size 
during the process. Lu et al. [16] studied the digestion in water of silica and alumina par¬ 
ticles of various sizes and surface areas in the presence of US as compared with disso¬ 
lution assisted by a rotating agitator at a speed of 120 rpm. Both processes were 
monitored via particle size changes using a Malvern Mastersizer laser light scattering 
particle size analyser. Two different ultrasonic processors were used to compare their 
efficiencies. An ultrasonic probe operating at 20 kHz with a power density of 460 W/l cou¬ 
pled to a glass Rosett cell was used in addition to a near-field acoustic processor (NAP) 
equipped with two water-cooled magneto-restrictive transducers fixed to each stainless 
steel parallel plate, operating at 16 kHz on one plate and 20 kHz on the other, with a total 
power density of 53.3 W/l. Figure 3.4 shows the kinetics of particle size reduction for the 
alumina particles in the presence of sonication (by the probe) and with agitation only. As 
can be seen, particle size exhibited no change with hydrodynamic mixing over a 1-h 
period; by contrast, sonication decreased the particle size according to a first-order kinetics 
regime. Regarding the results provided by the NAR the particle size decreased under 
the effects of US and also with a decreasing rate according to a first-order regime. 
Interestingly, however, the efficiency of the NAP was much higher than that of the probe 
by virtue of the two ultrasonic transducers operating at different frequencies on opposite 
sides of the sonicated liquid, in contrast to the probe with a single transducer. 

A complementary SEM study was conducted to analyse the structure of the particles 
before, during and after ultrasonic treatment. Figures 3.5A and B shows the images of 
silica particles (initial diameter 60 pm) before and after 60 min sonication, respectively. 
Compared to non-sonicated particles, the surface of US-treated particles was both 
smoothed and pitted. In addition, many new and small particles were formed by sonica¬ 
tion as the initial particles were violently agitated and collided frontally and tangentially 
with the outcome being broken particles. 

The concentrations of aluminium and silicon in the aqueous solution were measured 
using ICP-AES. Compared to agitation, the concentrations of the two elements in the 
aqueous phase increased with the sonication time. Figure 3.6 shows the variation of 
the aluminium concentration with time. Table 3.1 lists the concentrations of the particles 
after 60 min of sonication and agitation. As can be seen, the concentrations after soni¬ 
cation were 7-20 times higher than with agitation only due to the combined effect of 
microstreaming and microjetting. With alumina and silica, which exhibited marked 
changes in particle size and a comparatively small increase in the concentrations of 
Al and Si in the liquid phase, microjets and particle collisions appear to be more decisive 




Figure 3.4. Change in diameter of alumina particles with mechanical agitation (a) and 
sonication (b) demonstrating the progress of USASD. D 0 (initial diameter) = 130 pm; SA 0 
(initial surface area) = 200 m 2 /g; pH = 6; C A (alumina concentration) = 2 g/l. (Reproduced 
with permission of Elsevier, Ref. [16].) 



200 \im 


Figure 3.5. SEM image for silica particles of D 0 (initial diameter) = 60 pm: (A) before 
sonication and (B) after sonication for 60 min. (Reproduced with permission of Elsevier, 
Ref [16].) 
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Time (min) 

Figure 3.6. Aluminium concentration in the filtrate (< 0.45 \im pore size) after (a) USAD 
and (b) mechanical agitation. D 0 = 130 jll/t?; SA 0 = 200 m 2 /g; pH = 6; Concentration 
(alumina) = 2g/l. (Reproduced with permission of Elsevier, Ref. [16].) 


than microstreaming. An additional mechanism to which other authors have ascribed the 
enhanced solubilization of particles under US is related to the increased temperature in 
the interfacial region of collapsing cavitation bubbles [17]. Under such a high temperature, 
bubbles may dissolve surfacial alumina and silica during cavitational collapse and forma¬ 
tion. Thus, the increased concentration of silicon in the solution relative to aluminium may 
have resulted from the lower melting point of silica relative to alumina (1.873 K versus 
2.288 K [18]). 


Table 3.1 . Concentration of silicon and aluminium in the filtrate (< 0.45 \im) after 
sonication and with agitation only after 60 min (2 g/l concentration). 


Particle 

C (with sonication) (jiM) 

C (without sonication) (jiM) 

Silica (D 0 = 2 jam) 

17 

17 

Silica (D 0 = 60 jam) 

58 

3 

Silica (D 0 = 130 jam) 

36 

5 

Alumina (D 0 = 130 jam), SA 0 = 155 m 2 /g 

24 

2 

Alumina (D 0 = 130 jam), SA 0 = 200 m 2 /g 

16 

1 


C — concentration; D 0 — initial particle size; SA 0 — initial surface area. 
Reproduced with permission of Elsevier, Ref. [16]. 
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3.3.3. Applications of USASD 

Ultrasound-assisted soft digestion (USASD) has been applied to a variety of sample 
and analyte types in widely diverse fields. This section discusses its implementation in 
the analytical process and its principal uses. Ultrasonic soft digestion has been used in 
connection with both organic and inorganic analytes. 

The most common way of implementing USASD in the analytical process is as the 
first step, which is frequently the only sample treatment performed. This non-selective 
step can be used when a selective enough determination technique (e.g. atomic or mass 
spectrometry) is to be used or with samples of simple and (or) known composition. One 
example is the above-described ultrasonic soft digestion in a continuous way for 30 s prior 
to the determination of iron and zinc in milk powder and infant formulas by flame 
atomic absorption spectrometry (FAAS) [11,12]. The authors used the words “dissolution” 
and “leaching” indifferently when the proper term, according to IUPAC, would have been 
“digestion” as an auxiliary energy was used to accelerate dissolution. Figure 3.7 shows 
the manifold used to implement the two methods. The procedure involved weighing the 
sample in a glass minicolumn, which was connected to the continuous system and 
immersed in an ultrasonic water bath. Once the circuit was filled with solvent, the solvent 
was circulated through the manifold while the minicolumn was ultrasonicated. The direction 
of the flow was changed every 10 s in order to avoid accumulation of the sample at one 
end of the minicolumn and its clogging. Then, the switching valve was actuated in order to 
drive the solution to a flame atomic absorption spectrometer for determination. Water was 
used as the liquid phase, so the process was soft digestion based on mechanical effects. 
However, this procedure can also be used for strong digestion with highly concentrated 
chemical reagents and high bath temperatures only limited by the boiling point of the 
transmitting liquid. The reported throughput was 80 samples per hour, but cleaning of the 



Figure 3.7. Continuous USASD of milk powder and infant formula prior to the FAAS 
determination of iron and zinc. C — coil, D — digestant, DC — digestion chamber, 
FAAS — flame atomic absorption spectrometer, IV — injection valve, PP — peristaltic pump, 
SV — switching valve, UB — ultrasonic bath and W — waste. (Reproduced with 
permission of Elsevier, Ref. [11].) 
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manifold between analyses and weighing of the sample and connection of the minicol¬ 
umn to the continuous manifold were presumably excluded. 

A number of samples with a simple and (or) known composition have been subject to 
USASD, particularly in the analysis of pharmaceutical formulations in diverse dosage 
forms such as tablets, capsules, suppositories and powder, with digestion times ranging 
from 5 to 30 min in most cases [19—32]. The nature of the solvents used depends on 
the composition of the sample and can range from toluene to sodium hydrogen sulphite. 
Other types of samples of known composition which have been digested with US assis¬ 
tance include sugar-containing foodstuffs [33,34], cosmetics [35], disinfectant products 
[36], plants [37] and packaging materials [38]; the ensuing applications testify the useful¬ 
ness of this operation in routine analyses. Table 3.2 shows selected applications of 
USASD, which, in addition, has been used in robotic methods to facilitate complete 
automation of sample preparation prior to electrospray mass spectrometry detection. 
For this purpose, a Zymark robot was used to transfer sample cups from a rack to an 
ultrasonic bath to ensure rapid and complete digestion of the sample before placing the 
cup in a centrifuge in order to proceed with the analytical process [39]. This method 
demonstrates the feasibility of incorporating USASD into discrete automated methods for 
quality control in industrial and routine analyses, which require the processing of large 
numbers of samples without human intervention. 

Ultrasound-assisted soft digestion can also be used to reconstitute a solid residue in a 
solvent resulting from a preconcentration and (or) clean-up step by evaporating the solvent 
on rotary-evaporator or with an N 2 stream, for example. Most often, the residue comes 
from an extract and the aim is usually to improve sensitivity and (or) selectivity. One exam¬ 
ple is the determination of the total cholesterol content in foods, which are previously 
saponified, extracted from an aqueous phase to an organic one, preconcentrated and 
US-assisted reconstituted in sodium cholate [40]. Another example is the determination 
of melatonin in biological samples following leaching with dichloroethane; the organic 
phase is then evaporated and the residue reconstituted in water with US assistance prior 
to CE-UV detection [41]. 

Ultrasound-assisted soft digestion has been used for other practical purposes from 
which analytical chemists can derive new applications. One case in point is in medicine, 
where ultrasound has been used as an adjunctive therapeutic treatment for clot dissolu¬ 
tion of pharmacological thrombolysis. The combination of externally applied low-frequency 
high-intensity US with fibrinolytic therapy resulted in more rapid and complete reperfusion 
than the application of US or administration of fibrinolytic agents alone [42]. 


3.4. ULTRASOUND-ASSISTED STRONG DIGESTION (USASTD) 

3.4.1. Scope of USASTD 

Strong digestion is characterized by the drastic conditions in terms of temperature, 
pressure and concentration of chemical reagents in order to effect sample dissolution, 
which is the most crucial step in this operation. The complexity of the matrix dictates the 
specific conditions to be used for its efficient decomposition so that the target analytes 
can be thoroughly released from it and solubilized in a form amenable to determination 
with the technique of choice. The stability of the analytes is important inasmuch as strong 
digestion can result in losses and in transformation into other species not compatible 
with the determination technique used. As a result, the principal field of application of 
USASTD is the determination of inorganic analytes with atomic detectors. 



Table 3.2. Selected applications of US-assisted soft digestion. 


Application field 

Analytes 

Sample 

Digestion medium 

Digestion time (min) 

Reference 

Pharmaceutical 

Dimenhydrinate 

Tablets 

Chloroform 

- 

[19] 


Water-soluble vitamins 

Tablets 

DMSO 

10 

[ 20 ] 


Metronidazole and norfloxacin 

Tablets 

Acetic acid/acetonitrile (10/90%) 

10 

[ 21 ] 


Indapamide 

Pills 

Methanol 

20 

[ 22 ] 


Melatonin 

Tablets 

Ethyl acetate 

15 

[23] 


Fluoxetine hydrochloride 

Capsules 

H 2 0 

15 

[24] 


Acetaminophen, caffeine and 
butalbital 

Tablets 

Methanol 

30 

[25] 


Catecholamines 

Tablets 

0.01 M NaHS0 4 aqueous 

- 

[26] 


Aspirin and codeine 

Tablets 

30% Acetonitrile aqueous 

2 

[27] 


Paracetamol and 
isopropylphenazone 

Tablets 

H 2 0 

- 

[28] 


Quetiapine fumarate 

Tablets 

Methanol 

- 

[29] 


Moxifloxacin 

Tablets 

0.1% H 3 PO 4 aqueous 

- 

[30] 


Glycyrrhizic acid 

Tablets 

H 2 0 

10 

[31] 


Amlodipine 

Tablets 

Methanol 

30 

[32] 

Food 

Toxic elements 

Sugar and sugar- 
containing foodstuffs 

H 2 0 

3 

[33] 


trans- 10-Hydroxy2- 
decenoic acid 

Royal jelly 

Acetonitrile/0.1 % 

H 3 PO 4 aqueous/THF (63/35/27%) 

- 

[34] 

Hygiene 

Sunscreen agents 

Cosmetics 

Methanol 

5 

[35] 


Triclosan 

Disinfectants 

Methanol/acetonitrile/ 

H 2 0 (40/40/20%) 

30 

[36] 

Plant 

Alkaloids 

Poppy Papaver 
somniferum 

5% Acetic acid aqueous 

10 

[37] 

Polymer 

Styrene 

Polystyrene 

Toluene 

- 

[38] 


00 

00 
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Strong digestion is a frequent step in official methods of analysis, which use both clas¬ 
sical digestion procedures and modifications thereof intended to accelerate or automate 
this step. Classical strong digestion methods are of two main types, namely dry ashing and 
wet digestion. A third type of method, fusion, is used to a lesser extent. In fusion meth¬ 
ods, the sample is mixed with an alkali metal hydroxide, carbonate or borate as melting 
reagent. The mixture is heated up to its melting point and then allowed to cool, the result¬ 
ing fusion cake being dissolved in an appropriate liquid phase. Fusion is usually reserved 
for the determination of major matrix elements in acid-insoluble samples. Alkaline fusion 
is often used for geological and industrial purposes as it allows the subsequent efficient 
solubilization of both major and trace elements in the sample matrix. Fusion methods 
generally require four to eight times as much reagent as sample. The fluxing agents 
should be of a very high purity as they can be potential sources of contamination in trace 
element analyses. 

Dry ashing or calcination are generally used to remove organic matter. Therefore, 
their use is restricted to inorganic analytes. Dry ashing at a high temperature and 
atmospheric pressure (e.g. in a muffle furnace) is the most widely used procedure in 
this context. The procedure consists of weighing the sample in a suitable crucible 
and heating in a muffle furnace at 400-550°C for several hours. A high pressure can 
also facilitate ashing. Dry ashing ensures the quantitative decomposition and removal 
of organic matter. The effect of the decomposition of organic matter is called 
“mineralization”. This term is improperly used to refer to dry ashing, as mineralization 
can also be caused by other strong digestion procedures. The inorganic components 
of the matrix are transformed into carbonates or oxides that are then dissolved in an 
appropriate acid. 

The other major group of strong digestion procedures is wet digestion, where the 
organic components of the sample are oxidized in the aqueous phase by heating in the 
presence of an oxidant (usually a combination of acid and hydrogen peroxide). Like dry 
ashing, wet digestion can be implemented in two ways depending on whether atmos¬ 
pheric or high pressure is used. The aim of using high pressure is to maintain the solvent 
in the liquid state above its boiling point [43]. 

Dry ashing and wet digestion have some disadvantages that detract from accuracy 
and precision in the results. Such disadvantages include long manipulation times, an 
increased consumption of chemicals, increased viscosity and losses of elements by 
volatilization and fume-hood emissions in addition to the risk of sample contamination. 
Also, reactions between some analytes and crucible materials can give rise to combustion 
residues. 

Calorific energy can be replaced with other auxiliary energies, particularly microwaves, 
for wet digestion. Because heating occurs within the digestion medium, microwave 
digestion is more efficient than conventional heating. The use of microwaves often 
improves expeditiousness and efficiency in the decomposition of some types of samples 
that are difficult to solubilize otherwise. Also, it facilitates automation of the process. 
The advantages of microwave-assisted digestion have promoted its wide adoption as 
an effective sample pre-treatment, mainly for the determination of metals in a wide 
range of sample matrices; in fact, many of the ensuing methods are now used as refer¬ 
ences by several official bodies. An increasing number of laboratories are replacing con¬ 
ventional methods with others based on this technology, as reflected in the ever 
increasing amount of material published on the subject [44]. The principal restriction of 
these procedures is the long cooling times required before low or high-pressure pumps 
are opened [45]. Also, the amounts of acid and sample that can be used are limited by 
the vessel capacity — which detracts from the limits of detection — and the use of a 
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domestic microwave oven with closed systems involves serious safety and reproducibility 
problems [46]. 

Ultrasonic energy is also used to assist wet digestion, albeit to a much lesser extent 
than microwave-assisted digestion. As stated in Chapter 2, the term “digestion” is rarely 
used in connection with ultrasonic treatments. However, the proper term when ultrasonic 
energy is used in conjunction with a high temperature and (or) some chemical reagent is 
“strong digestion” as the matrix is decomposed and the whole solid transferred to the 
liquid phase. Partial digestion can also be produced owing to the presence or formation 
of insoluble compounds. 

Ultrasonic strong digestion is based on mechanical and, especially chemical effects. 
The chemical effects result from the reactivity of the chemical agents (oxidants or reduc- 
tants) promoted by the radicals generated by sonolysis of the solvents in the liquid phase 
(particularly in aqueous solutions). In fact, the radicals act as promoters of the chemical 
reactions involved in matrix decomposition. 

The operational set-ups for ultrasonic strong digestion are identical to those used for 
discontinuous or continuous soft digestion. However, no USASTD methods based on con¬ 
tinuous systems have to date been reported despite their technical feasibility. Thus, discrete 
strong digestion under the assistance of a US bath or probe in open or closed systems is 
the most common choice. One requirement with open devices is controlling the atmos¬ 
pheric emissions. Probes are more frequently used than baths by virtue of the higher 
energy they provide. Because strong digestion is an exhaustive treatment, the tip probe is 
normally immersed in the digestion vessel. A metallic tip can therefore corrode and con¬ 
taminate the solution, thereby interfering with the determination of metallic elements. This 
problem can be avoided by using probes made from a specific material (particularly glass) 
[47], or by covering the probe tip with a Teflon band to avoid corrosion in the presence of 
oxidants [48]. One drawback of using a band is that it attenuates ultrasonic energy, so the 
energy emitted by the probe is not completely applied to the sample-liquid system. 

The primary aim in using ultrasonic energy to accelerate the digestion of solid samples 
is to overcome the shortcomings of classical digestion procedures and microwave- 
assisted digestion. The salient advantage of US is that it enables operation at ambient 
temperature; by contrast, the previous choices involve high temperatures. This results in 
improved safety as compared with both conventional procedures and microwave-assisted 
digestion. Thus, complex reagent mixtures — even those unusable in classical proce¬ 
dures and microwave assisted digestion — can be used in USASTD with significantly 
reduced fume-hood emissions. Also, analyte losses by vaporization are generally absent, 
although losses can also be produced by alterations caused by the radicals generated by 
sonolysis of the liquid phase. Additional benefits include ease of use, availability of the 
experimental set-up, which requires no special vessels, relatively low costs and suitability 
for in-field digestion [49,50]. 


3.4.2. Digestion media 

Similar to other digestion methods, the choice of digestion medium in USASTD is dictated 
by the particular type of treatment required. Thus, with clayey matrices, the digestion 
medium should contain HF; on the other hand, if the samples contain a high proportion 
of organic matter, then the digestion medium should include an oxidizing acid to eliminate 
it or an organic solvent to dissolve it. As stated before, USASTD can be used with any 
type of solvent; by contrast, safety reasons make some solvents unusable in classical 
procedures and microwave-assisted digestion. 
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The high significance of USASTD in spite of its scant use warrants some comments 
on the characteristics of the different reagents that can be employed in the process, 
whether acids or other types of substances. 


Nitric acid 

Nitric acid is the primary choice for strong digestion. It is an oxidizing acid that can 
dissolve most metals to soluble nitrates. Although it has a poor oxidizing strength below 
2 M, it is a powerful oxidant in concentrated solutions. Also, its oxidizing power can 
be boosted by the addition of chlorate, permanganate, hydrogen peroxide or bromine, 
as well as by raising the temperature. Most metals and alloys are oxidized by nitric 
acid; however, gold and platinum are not, and some metals are passivated by concen¬ 
trated solutions of this acid. Such metals can be dissolved by using a combination 
of acids or a dilute nitric solution. On the other hand, nitric acid at a high temperature 
can decompose most organic molecules and converts hydrocarbons into carbon dioxide 
and water. 


Hydrochloric acid 

Hydrochloric acid is a non-oxidizing acid that exhibits weak reducing properties during 
strong digestion. Concentrated HCI is an excellent solvent for some metal oxides and also 
for metals that are more readily oxidized than hydrogen. At high temperatures, many 
silicates and other refractory oxides, sulphates and fluorides are attacked by HCI to 
produce generally soluble chloride salts. Because it is not an oxidizing agent, concen¬ 
trated hydrochloric acid is rarely used to digest organic materials. Nevertheless, it is an 
effective solvent for basic compounds such as amines and alkaloids, as well as for some 
organometallic compounds. The hydrolysis of natural products with HCI is a routine 
preliminary procedure for the analysis of amino acids and carbohydrates, and also for that 
of intracellular components. 


Hydrofluoric acid 

Hydrofluoric acid is a non-oxidizing acid, the reactivity of which is based on its strong 
complexing capacity. It is most commonly used in inorganic analysis because it is one 
of the few acids that can dissolve silicates. Its strong complexation capabilities prevent 
the formation of sparingly soluble products of various metals and increases their solubility 
and stability. Digestion with HF produces soluble fluorides mainly — by exception, the 
fluorides of alkaline earths, lanthanides and actinides are insoluble or sparingly soluble 
at most. In order to improve digestion, HF is routinely combined with another acid such 
as HN0 3 . Insoluble fluorides may frequently be redissolved by removing the HF after 
digestion. 


Phosphoric acid 

Hot phosphoric acid has been successfully used to digest iron-based alloys when HCI 
would have volatilized specific trace constituents. Phosphoric acid can also digest a wide 
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range of aluminium slags, iron ores, chromium and alkali metals. Because of its low 
vapour pressure, it affords relatively high temperatures without disrupting the digestion. 


Sulphuric acid 

While dilute sulphuric acid exhibits no oxidizing properties, in concentrated form, the acid 
is capable of oxidizing many substances. In fact, concentrated H 2 S0 4 is an effective 
solvent for a wide range of organic tissues, inorganic oxides, hydroxides, alloys, metals 
and ores. Sulphuric acid is commonly used with other acids and reagents. Two of the 
most frequent combinations are with perchloric acid and hydrogen peroxide. Sulphuric 
acid can act as a dehydrating agent and dramatically increase the oxidizing power of per¬ 
chloric acid. Mixtures of the two acids can cause problems in some classical procedures 
and microwave-assisted digestion as they can react explosively with organic matrices in 
closed vessels or if heated too rapidly. 


Perchloric acid 

Hot HCI0 4 is a strong oxidant which attacks metals that are unresponsive to other acids. 
Perchloric acid also effects the thorough decomposition of organic materials. Because 
of its oxidizing capacity, the hot acid is frequently used to take elements to their highest 
oxidation state. Cold concentrated and hot diluted HCI0 4 pose little hazard; however, 
very concentrated HCI0 4 is potentially explosive when in contact with organic materials 
and easily oxidized inorganics. Extreme safety precautions are required when using this 
concentrated acid at high temperatures. Because of this potential hazard, expensive acid 
hoods, special scrubbers and duct work are needed to handle it. 


Hydrogen peroxide 

Typically, concentrations of about 30% of hydrogen peroxide are used for digestion. More 
recently, however, 50% solutions have become available. Hydrogen peroxide alone can 
react explosively with many organics, especially in the more concentrated form. Hydrogen 
peroxide is usually combined with an acid because its oxidizing power increases with 
increasing acidity. The combination of H 2 0 2 and sulphuric acid forms monoperoxosul- 
phuric acid (H 2 S0 5 ), which is a very strong oxidant. Because of its oxidizing power, hydro¬ 
gen peroxide is frequently added after the primary acid has completed a pre-digestion of 
the matrix. The hydrogen peroxide can complete digestion and the potential safety haz¬ 
ards are minimized. In this respect, H 2 0 2 is used similarly to HCI0 4 . 


Basic media 

Some applications require the use of a basic medium for ultrasonic digestion. Most 
such involve biological samples the matrix of which is decomposed by hydrolysis — which 
is more effective in a basic medium than in an acidic medium. One example is the 
digestion of tissues, where cells are disrupted in a basic medium such as that provided 
by tetramethylammonium hydroxide, sodium hydroxide, potassium hydroxide or sodium 
methoxide. 
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Type of treatment 

Depending on the nature of the sample matrix and analytes, USASTD can be imple¬ 
mented in three different ways. The treatment of choice will be dictated by the following 
well-defined criteria: 

Total attack is generally accomplished by using hydrofluoric acid in combination with 
other acids that allow all sample components except silica, which is volatilized during 
evaporation to dryness, to be solubilized. Some other components (e.g. boron) may be 
partially lost. This type for treatment is exclusive for inorganic analytes. Methods using this 
procedure are best validated with CRM. 

Strong attack is generally performed by using a mixture of strong acids other than 
hydrofluoric acid. Better adapted to routine analysis, strong attack is easy to implement, 
but less complete in some cases (e.g. with soils or sediments) than total attack because 
of the presence of insoluble residues (silicates). Strong attack may be preferable in some 
cases such as the assessment of pollution levels in environmental samples. It is an 
unusual choice for organic analytes, except those with a high stability. 

Moderate attack should in principle be used to simulate transfers of elements in the 
environment (e.g. the uptake by plants of trace elements from soil). This is the most usual 
type of attack in organic applications as the oxidizing power involved is more limited [43]. 


3.4.3. Applications of USASTD 

As in classical digestion procedures and microwave-assisted digestion, the main field 
of application of USASTD is the determination of metals, particularly with a view to 
overcome analyte volatilization and safety problems. The inorganic applications involve 
environmental and industrial hygiene samples [50]. The applications to environmental 
samples include the determination of metallic elements in street dust samples and 
sediment reference materials. The results obtained by USASTD are in agreement 
with those provided by classical procedures based on acid digestion — with a reduction 
in analysis time from approximately 9 to 1 h — and reference values [51]. One other appli¬ 
cation of USASTD to environmental samples is the determination of metals in highly 
viscous waste oil, where the organic matter was eliminated by sonication with concen¬ 
trated nitric acid as immiscible phase. The results obtained were comparable to those 
provided by microwave digestion, but the ultrasonic procedure was simpler, shorter and 
less labour-intensive [52]. 

Ultrasonic strong digestion has also been applied to biological samples (particularly 
tissues). In one application, USASTD of the sample with a strong basic medium, tetram- 
ethylammonium hydroxide-water mixture, for 2 min was followed by the determination 
of metals by microwave-induced plasma optical emission spectrometry (MIP-AES) [53]. 
In another, mussel samples were treated with concentrated hydrochloric acid prior to the 
determination of inorganic mercury [54]. Other seafood products have also been digested 
with ultrasonic assistance and high concentrations of an HN0 3 /HCI/H 2 0 2 mixture; the 
treatment was deemed ultrasonic-assisted-acid leaching, even though the composition of 
the liquid phase was typical of a strong digestion procedure — an incomplete one as a 
filtration step was required [55]. 

There are also some non-analytical uses of USASTD. One is in metallurgy, where 
minerals are subject to exhaustive dissolution treatments that can be used for analytical 
purposes. Such is the case with the digestion of phosphate rock in HCI [56] or HN0 3 [57], 
pyrite ores in sulphuric acid [58] or uranium oxides in supercritical carbon dioxide [59]. 
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One other frequent application is the ultrasonic anaerobic digestion of waste-activated 
sludge for its degradation. Ultrasound-assisted sludge degradation has been extensively 
studied over the past 10 years on the laboratory and pilot scales and, recently, also on 
a full scale. Ultrasonic sludge digestion releases soluble organic cell compounds into the 
aqueous phase, which produces more biogas during digestion than does the same 
process in the absence of sonication [60,61]. Tests have shown that especially low 
(20 kHz) frequency ultrasound and relatively high ultrasonic intensity are well suited to the 
digestion of sewage sludge [62,63]. This has been ascribed to high mechanical shear 
forces exerted by jet streams during cavitation bubble implosion [64]. Sonication of 
secondary sludge results in a more pronounced release of chemical oxygen demand as 
compared to raw sludge treatment. The solid concentration of sludge influences the 
disintegration efficiency. There are few references to the chemical pretreatment of sludge 
in combination with US prior to anaerobic digestion. Sludge digestion was found to be 
improved by the use of NaOH and US in conjunction [65]. 


3.4.4. Synergistic effects of ultrasound and other auxiliary energies 
on strong digestion 

The assistance of SP with other auxiliary energies is widely accepted to be the best 
way of accelerating and improving the efficiency of the different operations involved in SP 
However, there is still room for research and innovation in this area. One of 
the most promising approaches in this context is the combination of various types of 
energy to assist SP steps. Of special interest here is the joint use of US and microwaves 
in order to combine their individual advantages and exploit new effects in addition to 
increasing the kinetics of the processes. A focus of much research in this respect has 
been strong digestion. Chemat et al. [67] put forward a mechanism to account for the 
effects of US and microwaves on digestion and developed a device for implementing diges¬ 
tion assisted by both microwaves and US, which has been used in various applications. 
The mechanism assumes particle fragmentation and molecule excitation induced by 
the high energy level of bubble cavitation under US, and also microwave polarization to 
induce dielectric volumetric heating and selective heating of solid particles. Figure 3.8 
compares US (cavitation phenomena) and microwaves (dielectric heating) and shows 
the apparatus involved, which was based on a Prolabo Maxidigest 350 monomode 
microwave oven cavity with a power range from 0 to 300 W. A borosilicate reactor 20 to 
150 ml in capacity was used as an open vessel operating at atmospheric pressure. 
The incident microwave power was controlled by a programmer which allowed opera¬ 
tion in one or several steps depending on the duration of the experiment in minutes. 
The US system was a cup horn type Branson Sonifier 250 (diameter of the transducer 
tip 18 mm). Ultrasound waves (20 kHz) were emitted from the bottom of the reactor, 
and the US probe never came into direct contact with the reactive mixture in order to 
avoid interactions and short circuits with the electromagnetic field. Propagation of the 
US waves in the reactor was facilitated by the presence of decalin in the double jacket. 
Decalin has a low viscosity and allows US to propagate easily; also, it is inert towards 
microwaves. 

Experiments involving digestion assisted by microwaves and US demand extreme 
safety measures and caution. In fact, the heating effect of microwaves and the use of 
strong acids and oxidants such as HN0 3 or H 2 0 2 can be highly hazardous in inexperi¬ 
enced hands. Only approved equipment and scientifically sound procedures should 
be used. 
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Figure 3.8. (A) Analogy between ultrasound cavitation and microwave heating. (B) 
Scheme of the device for US-assisted microwave digestion. (Reproduced with 
permission of Elsevier, Ref. [67].) 


The device proposed by Chemat et al. was used for the determination of total Kjeldahl 
nitrogen in food products (powdered milk, rice, corn, flour, beef, corned beef and chick 
pea); the digestion time, 10 min, was much shorter than in the classical Kjeldahl and 
microwave digestion (180 and 30 min, respectively). One other application was the diges¬ 
tion of mineral materials using nitric acid. Dissolution with the combined microwave-US 
device was six times faster than with classical heating. Under microwaves and US, the 
whole metal oxide was dissolved within only 1 hour; by contrast, the classical and the 
microwave method took 6 and 3 h, respectively. The device was also used to digest edible 
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oils for the determination of metals, which took 30 min as compared to 40 and 60 min, 
with the classical and the microwave methods, respectively [66,67]. 


3.5. ULTRASOUND-ASSISTED ENZYMATIC DIGESTION 
3.5.1. Effect of ultrasound on enzymatic digestion 

Ever since its inception in forensic toxicology [68], enzymatic digestion has been exten¬ 
sively used to isolate drugs from forensic samples. Carpenter [69] was the first to develop 
an analytical procedure in which subtilisin, a proteolytic enzyme, was used to determine 
Cd, Cu, Pb and Tl from human liver and kidney tissues. 

The enzymes used for this type of digestion in Analytical Chemistry are mainly 
hydrolytic enzymes, the catalytic effect of which is based on the insertion of water at a 
specific bond of the substrate. The hydrolytic enzymes used in analytical applications 
include lipases (which hydrolyse fats into long-chain fatty acids and glycerol); amylases 
(which hydrolyse starch and glycogen to maltose and to residual polysaccharides); and 
proteases (which attack the peptide bonds of proteins and peptides themselves). 

Enzymatic digestion has some advantages over conventional sample pretreatment 
procedures based on acid or alkaline digestion; thus, the former uses mild conditions as 
regards temperature and pH, which avoids potential analyte losses by volatilization or 
chemical transformation to other species, and reduces the risk of contamination. In addi¬ 
tion, the selectivity of enzyme catalysis is a powerful tool for distinguishing between frac¬ 
tions of elements associated with different components of the matrix as enzymes act on 
certain chemical bonds only. 

For most enzymes, catalytic activity is temperature-dependent to a maximum level, 
above which they lose their activity. Also, by analogy with other proteins, enzymes are 
stable only within a limited range of pH. Outside this range, enzymes are denatured by 
changes in the charges of ionizable amino acid residues that alter the tertiary structure 
of proteins. Enzyme activity reaches a peak or a plateau at a specific pH, so enzymatic 
digestion is usually performed in a buffered medium. The process is also affected by the 
enzyme concentration, which must therefore be optimized as well. 

The selectivity of enzymes results in most enzymatic digestions leaving a solid residue 
consisting of substances that cannot be hydrolysed. The residue is usually separated by 
centrifugation and the liquid phase saved for further work. That is why some authors refer 
to enzymatic digestion as “extraction” or “leaching”. However, the fact that enzymes 
release analytes by decomposing the sample matrix is more typical of a digestion, so, 
enzymatic processes should be regarded as partial digestion processes. 

Incubation is the most widely used procedure to accomplish the enzymatic digestion 
of solid samples. A mixture of sample and enzyme is stirred or shaken in a buffered 
medium at 37°C. The incubation time can be: (a) short (4-6 h); (b) medium (10 h) or 
(c) long (24 h); the last is the most frequent choice [70]. 

Sonication has been used to improve digestion with enzymes; performance is influ¬ 
enced by the same factors as ultrasonic digestion in addition to those that can affect 
enzyme stability (e.g. pH, ionic strength or enzyme mass). However, studies on the 
effect of ultrasonication on enzyme reactions have revealed both enhanced activity and 
inactivation of the enzyme depending on the amplitude of sonication. Siwek et al. [71] 
reported an increase in enzymatic activity in the hydrolysis of Antarctic krill with ultra¬ 
sound, allowing to quantitatively extract selenium organic compounds in 15 min compared 
with 24 h in the absence of ultrasound. Bracey et al. [72] found a reduction in particle size 
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of enzyme agglomerates from 51 to 2 pm after 30 min of sonication, which increased 
reaction rates. 


3.5.2. Applications of ultrasound-assisted enzymatic digestion 

Enzymatic digestion assisted by US has been used for the determination of organic and, 
especially, inorganic analytes. One of its most interesting uses is in metal — metalloid 
speciation, where enzymatic digestion in combination with ultrasonication enabled the 
determination of trace and ultratrace levels of metals and metalloids, and their species, 
while preserving their chemical integrity. Ultrasonic enzymatic digestion is a promising 
methodology with environmentally acceptable performance in this context. Enzyme probe 
sonication has proved a powerful choice for accelerating the digestion of yeast material, 
oyster and mussel tissues with proteolytic enzymes for the determination of Se [73]. Total 
Se was released within 15 s and complete dissolution of Se species in the yeast material 
(viz. Se-methionine) took 30 s. No buffered medium was required to use an ultrasonic 
probe, and no chemicals other than water were needed. One other typical application is 
the US-assisted enzymatic digestion of mussels for multielement determinations with 
ICP-AES, where the use of US energy shortens the long hydrolysis time of conventional 
thermostatic devices. In fact, the process takes only 30 min as compared to 12-24 h in 
conventional enzymatic hydrolysis [74]. 

Organic applications have focused on the digestion of solid samples by enzymatic 
hydrolysis under the assistance of ultrasonic energy for isolating target fractions. One 
example is the isolation of rice starch; analysis of the starch structure by high perform¬ 
ance size-exclusion chromatography and scanning electron microscopy revealed no 
damage to the molecular structure or the starch granule surface [75]. One other example 
is the isolation of oil from Jatropha curcas L. seed kernels, where US-assisted enzymatic 
digestion took about 2 h as compared to 24 h for Soxhlet extraction [76]. The application 
of US for a short time (60 s or less) has also facilitated proteolytic digestion in both solu¬ 
tions and gels, thereby greatly reducing the operating time relative to conventional 
overnight incubation. In addition, it has enabled the identification of individual proteins by 
MALDI-TOF and HPLC-MS/MS [77]. 


3.6. ULTRASOUND-ASSISTED CELL DISRUPTION 

Cell disruption was one of the earliest uses of US in biology for releasing cells for in 
vitro study. In analytical methods, this treatment can be used in biological and biochemi¬ 
cal applications where membranes act as barriers. The envelope of cells and micro¬ 
organisms is a semi-rigid structure which provides sufficient intrinsic strength to 
protect them from osmotic lysis. These walls contain glycan strands cross-linked by 
peptide chains. The cross-linkage provides resistance to chemical and biological 
degradation. Ultrasonic energy in combination with some chemical reagents is an 
effective method for cell disruption, particularly in bioanalytical methods [78]. The US 
effects on cells involve both types of cavitation (transient and stable). In fact, the two 
types of cavitation have a wide range of biological effects on cell walls [79]. Thus, tran¬ 
sient cavitation allows the formation of free radicals (e.g. from hydrogen peroxide) and 
other sonochemical compounds [80]. The formation of hydrogen peroxide and other 
compounds at high enough concentrations causes biochemical changes in living 
cells [81]. However, cells subjected to ultrasonic standing wave fields do not compromise 
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cell viability. Radel et al. [82] explained that, where propagating waves dominate, 
strong cell destruction is observed; with standing waves, however, cell destruction is 
negligible. 

The effects of US on surviving cells may include structural changes and interactions 
with deoxyribonucleic acid (DNA) [83]. The biological effects observed in vitro include 
fragmentation of cell membranes caused by the collapse of cavitation bubbles, 
microstreaming near the boundary layer and formation of radicals, which promote chem¬ 
ical reactions leading to wall decomposition [84]. Carstensen et al. [85] found the extent 
of cell disruption to be inversely proportional to the cell concentration. 

Cell disruption is a relatively frequent biological sample treatment. Applications include 
the purification of genomic DNA from Mycobacterium bovis Bacillus Calmette-Guerin by 
ion-exchange chromatography, where cell disruption was effected by an ultrasonic probe 
in conjunction with a NaCI/Tris-HCl/EDTA solution at pH 8.0 [86]; and the determination 
of glycosaminoglycans in human penis tissue, where the disruption was carried out with 
an ultrasonic bath containing a Tris-HCI/CaCI 2 solution at pH 8.0 [87]. Table 3.3 compares 
the advantages and shortcomings of selected treatments for cell disruption. As can be 
seen, US is the clear choice in terms of disruption efficiency. 

Another use of cell disruption as a step in the analytical process is for obtaining a sus¬ 
pension of single cells — that can be used under optimal fermentation conditions — by 
ultrasonic disruption of cells manufactured in active dry wine yeast. Their potential was 
confirmed by comparing the elution profiles of non-sonicated and sonicated yeast 
sample dispersions obtained using two different field flow fractionation techniques [88]. 


Table 3.3. Advantages and disadvantages of cell disruption treatments. 


Method 

% Cell 
disruption 

Advantages 

Disadvantages 

Seber colloid mill 

50 

Relatively simple 

Energy dissipation — suspension heating 

Ball mill shakers 

90 

High efficiency, 
relatively simple 

Energy-intensive 

High pressure 
homogenization 

85 

High efficiency, 
low energy levels 

Complicated 

Hydrodynamic 

cavitation 

75 

Excellent energy 
efficiency 

Very little information and experience 

Ultrasound 

100 

Complete disruption 

Energy-intensive 

Krepro 

55 

Recycling of all waste 
products, process 
flexibility 

Corrosion and odour problems 

Cambi 

30 


Relatively low efficiency, dependence 
on sample type 

Thermochemical 

treatments 

15-60 

Relatively simple 

Corrosion, odour, subsequent 
neutralization 

Biological 

5-50 

Simple operation, 
low cost 

Very low efficiency, odour 

Vertech 

95 

High efficiency, 
no need for high 
pressure pumps 

Corrosive, leakages, blockages in shaft 

Loprox 

90 

High efficiency 

Low pH, corrosive, high cost 


Reproduced with permission of Wiley, Ref. [78]. 
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The removal of metals and active compounds from the plant body for analytical purposes 
has also been accomplished in this way [89]. 

The disruption of microorganisms by ultrasonic cavitation has been extensively 
exploited for many years. Commercially available cell disrupters typically consist of half¬ 
wavelength probes about 15 cm long that are resonant at 20 kHz. The probes have tita¬ 
nium tips to minimize pitting damage by cavitation in the surrounding liquid. These 
sonicators are usually large laboratory-based units owing to the length of the probe used 
and are unsuitable for use in the field. Also, there is the inherent risk of hazardous aerosol 
formation in immersing the probe in a liquid sample containing any pathogens, and probe 
size dictates that only fairly large sample volumes can be disrupted. Commercial cell dis¬ 
ruption devices operating at higher frequencies are more compact because of the shorter 
wavelengths associated with the higher frequencies. Ultrasonic disrupters operating at 20 
and 40 kHz, and also at 1 MHz, have been used to treat small sample volumes as in the 
isolation of bacterial DNA for polymerase chain reaction (PCR) analysis [90-92]. These 
devices effectively disrupt bacterial cells but can cause substantial sample temperature 
increases (as high as 50 to 90 K). These temperature rises, however, are acceptable 
when the purpose of disruption is to isolate DNA for PCR analysis, but can be deleteri¬ 
ous to the stability of some compounds such as proteins. 

A tubular sonication device was recently reported by Borthwick et al. [93] (see 
Fig. 3.9). The device requires the addition of no chemical, enzyme or particles that 
might complicate the subsequent determination step. Furthermore, denaturation of 
target DNA or proteins for detection is minimized as the device tolerates moderate 
temperature rises; this allows the use of sensitive and specific immunological detection 
methods on sonicated biological materials. Because the tubular device is composed of 
a piezoelectric resonator made of several material layers, selection of an appropriate 
operating frequency is essential to ensure proper performance (i.e. acceptable cell 
disruption efficiency). This device can be used for batchwise treatment of small sample 
volumes or in flow systems without the risk of hazardous aerosol formation inherent in 
probe sonicators. 


A 


57.7 mm 


63.8 mm 



□ piezoceramic 
] stainless steel 


| water layer 


Figure 3.9. Schematic views of the cell disrupter reported by Borthwick et al. (A) Side 
view with the sample chamber represented by clotted lines. (B) Plan view where the water 
layer represents the sample. (Reproduced with permission of Elsevier, Ref. [93].) 





















Ultrasound-Assisted Sample Digestion 


95 


References 

1. M.D. Luque de Castro and J.L. Luque-Garcia, Acceleration and Automation of Solid 
Sample Treatment, Elsevier, Amsterdam, 2002. 

2. TJ. Mason, Sonochemistry, Oxford University Press, Oxford, 1999. 

3. K.S. Suslick, The Yearbook of Science and the Future, in Encyclopedia Britannica, 
Chicago, 1994, pp. 138. 

4. L.C. Hagenson and L.K. Doraiswamy, Chem. Eng. Sci., 53 (1998) 131. 

5. K.S. Suslick and G.J. Price, Ann. Rev. Mater. Sci., 29 (1999) 295. 

6. A. von Bohlen, R. Klockenkamper, J. Messerschmidt and F. Alt, Anal. Chim. Acta, 
451 (2002) 279. 

7. S. Zimmermann, C.M. Menzel, Z. Berner, J.D. Eckhardt, D. Stuben, F. Alt, J. Messerschmidt, 
H. Taraschewski and B. Sures, Anal. Chim. Acta, 439 (2001) 203. 

8. W. Diegor, H. Longerich, T. Abrajano and I. Horn, Anal. Chim. Acta, 431 (2001) 195. 

9. S. Ringmann, K. Boch, W. Marquardt, M. Schuster, G. Schlemmer and P Kainrath, 
Anal. Chim. Acta, 452 (2002) 207. 

10. J. Frank, M. Krachler and W. Shotyk, Anal. Chim. Acta, 530 (2005) 307. 

11. M.C. Yebra, A. Moreno-Cid, R. Cespon and S. Cancela, Talanta, 62 (2004) 403. 

12. M.C. Yebra, A. Moreno-Cid, R. Cespon and S. Cancela, At. Spectrosc., 24 (2003) 218. 

13. J. Vessman, R.l. Stefan, J.F. Van Staden, K. Danzer, W. Lindner, D. Thorburn Burns, 
A. Fajgelj and H. Muller, Pure Appi Chem., 73 (2001), 1381. 

14. M. Valcarcel and M.D. Luque de Castro, Automatic Methods of Analysis, Elsevier, 
Amsterdam, 1988. 

15. A. Kannan and S. K. Pathan, Chem. Eng. J., 102 (2004) 45. 

16. Y Lu, N. Riyanto and L.K. Weavers, Ultrason. Sonochem., 9 (2002) 181. 

17. C.M. Preece and I.L. Hansson, Adv. Mech. Phys. Surf., 1 (1981) 199. 

18. D.R. Lide, CRC Handbook of Chemistry and Physics, 73rd edn, CRC Press, Boca Raton, 
FL, 1990. 

19. Z. Bouhsain, B.A. Hasan, S. Garrigues and M. de la Guardia, Quim. Anal., 14 (1995) 96. 

20. C. Nsengiyumva, J.O. De Beer, W. van de Wauw, A.J. Vlietinck and F. Parmentier, 
Chromatographia, 44 (1997) 634. 

21. S.V. Raj, S.U. Kapadia and A.P Argekar, Indian Drugs, 34 (1997) 585. 

22. T. Ozden, Z.H. Turker and A.U. Tosun, Pharm. Pharmacol. Commun., 4 (1998) 397. 

23. H.Y. Aboul-Enein, C. Doneanu and A. Covaci, Biomed. Chromatogr., 13 (1999) 24. 

24. A.H. Prabhakar, V.B. Patel and R. Giridhar, J. Pharm. Biomed. Anal., 20 (1999) 427. 

25. A. Haque and J.T. Stewart, J. Liq. Chromatogr. Relat. Technol., 22 (1999) 2159. 

26. P Solich, C.K. Polydorou, M.A. Koupparis and C.E. Efstathiou, J. Pharm. Biomed. Anal., 22 
(2000) 781. 

27. X.Y. Wang, F.D. Cui and R.M. Ma, Shenyang Yaoke Daxue Xuebao, 19 (2002) 31. 

28. Q.C. Chu, X.H. Ding, X. Zhang and J.N. Ye, Fenxi CeshiXuebao, 21 (2002) 75. 

29. C.M. Fu and R.Z. Wang, Zhongguo Xinyao Zazhi, 11 (2002) 144. 

30. B. Zhu, C.Q. Hu, S.J. Jiang and L.H. Yin, Zhongguo Kangshengsu Zazhi, 27 
(2002) 462. 

31. Z.M. Du, Y Liu, Y.F. Zhang and B.F. Yang, Zhongcaoyao, 33 (2002) 807. 

32. T.F. Jiang, B. Liang, J.B. Li, C. Li and Q.Y. Ou, Fenxi Kexue Xuebao, 19 (2003) 33. 

33. F.A. Chmilenko and L.V. Baklanova, J. Anal. Chem., 53 (1998) 784. 

34. M. Gene and A. Aslan, J. Chromatogr., 839 (1999) 265. 

35. J. Li, H.Y. Zhao, G.K. Peng, PY Tian and C.Q. Li, Sepu, 20 (2002) 372. 

36. Y Li, C.Y Wang, L. Liu, W.Y Zhang and Z.J. Yang, Fenxi Shiyanshi, 22 (2003) 77. 

37. K. Itenov, P Moelgaard and U. Nyman, Phytochemistry, 52 (1999) 1229. 

38. M.D. Geraldo, M.l. Montenegro and D. Pletcher, Talanta, 42 (1995) 1725. 

39. R. Raso and H.W. Fehlhaber, Rapid Commun. Mass Spectrom., 9 (1995) 1400. 

40. O. Baticz and S. Tomoskozi, Nahrung, 46 (2002) 46. 

41. YO. Kim, H.J. Chung, S.T. Chung, J.H. Kim, J.H. Park, S.Y Han, K.S. Kil and D.H. Cho, 
J. Chromatogr., 850 (1999) 369. 



96 


Ultrasound-Assisted Sample Digestion 


42. H. Luo, Y. Birnbaum, M.C. Fishbein, T.M. Peterson, T. Nagai, T. Nishioka and R.J. Siegel, 
Thromb. Res., 89 (1998) 171. 

43. M. Hoenig and A.M. de Kersabiec, Spectrochim. Acta B, 51 (1996) 1297. 

44. J.A. Nobrega, L.C. Trevizan, G.C.L. Araujo and A.R.A. Nogueira, Spectrochim. Acta B, 57 
(2002) 1855. 

45. M.V. Balarama Krishna and J. Arunachalam, Anal. Chim. Acta, 522 (2004) 179. 

46. R.M. Garcia-Rey, R. Quiles-Zafra and M.D. Luque de Castro, Anal. Bioanal. Chem., 377 
(2003) 316. 

47. D. Hristozov, A.C. Domini, V. Kmetov, V. Stefanova, D. Georgieva and A. Canals, Anal. 
Chim. Acta, 516 (2004) 187. 

48. H. Okur, T. Tekin, A. Kadir Ozer and M. Bayramoglu, Hydrometallurgy, 67 (2002) 79. 

49. M. Demange, J.G. Gendre, B. Herve-Bazin, B. Carton and A. Peltier, Ann. Occup. Hyg., 34 
(1990) 399. 

50. C. Brunori, I. Ipolyi, L. Macaluso and R. Morabito, Anal. Chim. Acta, 510 (2004) 101. 

51. A. Elik, Talanta, 66 (2005) 882. 

52. T. Wang, X. Jia and J. Wu, J. Pharm. Biomed. Anal., 33 (2003) 639. 

53. H. Matusiewicz and B. Golik, Microchem. J., 76 (2004) 23. 

54. S. Rio-Segade and C. Bendicho, Ecotoxicol. Environ. Saf., 42 (1999) 245. 

55. P Bermejo-Barrera, O. Muniz-Naveiro, A. Moreda-Pineiro and A. Bermejo-Barrera, Anal. 
Chim. Acta, 439 (2001) 211. 

56. T. Tekin, Hydrometallurgy, 64 (2002) 187. 

57. T. Tekin, D. Tekin and M. Bayramoglu, Ultrason. Sonochem., 8 (2001) 373. 

58. H.T. Dogan, A. Kurtbas and T. Tekin, Chem. Eng. Technol., 27 (2004) 87. 

59. T.l. Trofimov, M.D. Samsonov, S.C. Lee, N.G. Smart and C.M. Wai, J. Chem. Technol. 
Biotechnol., 76 (2001) 1223. 

60. C. Bougrier, H. Carrere and J.P Delgenes, Chem. Eng. J., 106 (2005) 163. 

61. A. Gronroos, H. Kyllonen, K. Korpijarvi, P Pirkonen, T. Paavola, J. Jokela and J. Rintala, 
Ultrason. Sonochem., 12 (2005) 115. 

62. K. Nickel, Ultrasound in Environmental Engineering, TUHH Reports on Sanitary 
Engineering, 25 (1999) 217. 

63. G. Lehne and J. Muller, Ultrasound in Environmental Engineering, TUHH Reports on 
Sanitary Engineering, 25 (1999) 205. 

64. U. Neis, T. Tiehm and K. Nickel, Ultrasound in Environmental Protection, Jai Press Inc., 
New York, 2001. 

65. Y.C. Chiu, C.N. Chang, J.G. Lin and S.J. Huang, Water Sci. Tech., 11 (1997) 155. 

66. A. Lagha, S. Chemat, PV. Bartels and F. Chemat, Analusis, 27 (1999) 452. 

67. S. Chemat, A. Lagha, H. Ait Amar and F. Chemat, Ultrason. Sonochem., 11 (2004) 5. 

68. M.D. Osselton, J. Forensic Sci. Soc., 17 (1977) 189. 

69. R.C. Carpenter, Anal. Chim. Acta, 125 (1981) 209. 

70. R Bermejo, J.L. Capelo, A. Mota, Y Madrid and C. Camara, Trends Anal. Chem., 23 (2004) 
654. 

71. M. Siwek, A.B. Noubar, J. Bergmann, B. Niemeyer and B. Galunsky, Anal. Bioanal. Chem., 
384 (2006) 244. 

72. E. Bracey, R.A. Stenning, B.E. Brooker, Enzyme Microb. Technol., 22 (1998) 147. 

73. J.L. Capelo, R Ximenez-Embrun, Y Madrid-Albarran and C. Camara, Anal. Chem., 76 
(2004) 233. 

74. C. Pena-Farfal, A. Moreda-Pineiro, A. Bermejo-Barrera, R Bermejo-Barrera, H. Pinochet- 
Cancino and I. de Gregori-Henriquez, Anal. Chem., 76 (2004) 3541. 

75. L. Wang and Y.J. Wang, J. Cereal Sci., 39 (2004) 291. 

76. S. Shah, A. Sharma and M.N. Gupta, Ind. Crops Prod., 20 (2004) 275. 

77. D. Lopez-Ferrer, J.L. Capelo and J. Vazquez, J. Proteome Res., 4 (2005) 1569. 

78. M.RJ. Weemaes and W.H. Verstraete, J. Chem. Technol. Biotechnol., 73 (1998) 83. 

79. M.W. Miller, D.L. Miller and A.A. Brayman, Ultrasound Med. Biol., 22 (1996) 1131. 

80. RV. Riesz and T. Kondo, Free Radical Biol. Med., 13 (1992) 247. 

81. D.L. Miller and R.M. Thomas, Ultrasound Med. Biol., 20 (1994) 193. 



Ultrasound-Assisted Sample Digestion 


97 


82. S. Radel, A.J. McLoughlin, L. Gherardini, O. Doblhoff-Dier and E. Benes, Ultrasonics, 38 
(2000) 633. 

83. D. Liebeskind, R. Bases and F. Elequin, Radiology, 131 (1979) 177. 

84. D.L. Miller, Ultrasound Med. Biol., 13 (1987) 443. 

85. E.L. Cartensen, R Kelly, C.C. Church, Ultrasound Med. Biol., 19 (1993) 147. 

86. W. Jing, S. Shuhan, H. Zhenlin, Z. Fengjuan and L. Yiling, J. Chromatogr., 811 (2004) 103. 

87. A. Goulas, E. Papakonstantinou, G. Karakiulakis, V. Mirtsou-Fidani, A. Kalinderis, 
D.G. Hatzichristou, Int. J. Biochem. Cell Biol., 32 (2000) 975. 

88. R. Sanz, S. Battu, L. Puignou, M.T. Galcer-n and Ph.J.R Cardot, J. Chromatrogr., 1002 
(2003) 145. 

89. F. Priego-Capote and M.D. Luque de Castro, Trends Anal. Chem., 23 (2004) 644. 

90. E.M. Fykse, J.S. Olsen and G. Skogan, J. Microbiol. Methods, 55 (2003) 1. 

91. M.T. Taylor, P Belgrader, B.J. Furman, F. Pourahmadi, G.T.A. Kovacs, M.A. Northrup, Anal. 
Chem., 73 (2001)492. 

92. D.R Chandler, M. Okuzumi, F. Pourahmadi, D.A. Borkholder and M.A. Northrup, Anal. 
Chem., 73 (2001) 3784. 

93. K.A.J. Borthwick, W.T. Coakley, M.B. McDonnell, H. Nowotny, E. Benes and M. Groschl, 
J. Microbiol. Methods, 60 (2005) 207. 



This page intentionally left blank 



99 


CHAPTER 4 

Ultrasound-Assisted Leaching 


4.1. INTRODUCTION 

As noted in Chapter 2, “leaching” is the proper name for solid-liquid extraction 
by solubilization of the target analytes; also, leaching is most often favoured over 
dissolution and digestion for the treatment of solid samples on account of its higher 
selectivity (see Chapter 3). Like dissolution, leaching can be assisted by auxiliary energies 
in order to improve both its efficiency and to shorten treatment times. In contrast to 
digestion, where microwaves are more widely used than US, leaching is assisted by 
microwaves and US to a similar extent. This can be ascribed to microwave-assisted 
digestion which usually provides more drastic conditions than US-assisted digestion, 
the former thus being more effective in decomposing sample matrices. In leaching, 
selective solubilization of analytes can be accomplished with the assistance of either 
type of auxiliary energy. 

Similar to “leaching”, the word “leacher” should be reserved to the apparatus or 
approach used for leaching. Likewise “leachant” and “leachate” refer to the solvent used 
to dissolve the target analytes and the resulting solution containing the target analytes, 
respectively. 

The duration of a leaching step is dictated by both solubility mechanisms and trans¬ 
port phenomena. Careful selection of the leachant plays a key role in three crucial steps 
of the leaching process, namely: 

(1) The leachant is brought into contact with the surface and inside of the matrix, thereby 
starting the separation process. 

(2) The retained analytes are removed by sweeping or displacement from the active sites 
of the matrix as a result of the higher affinity and (or) concentration of the leachant 
molecules. This is immediately followed by their dissolution (solvation) in the leachant. 

(3) The analytes are transported from the inside of the matrix to its surface by essentially 
diffusional forces, and outside the matrix by primarily convective forces, provided 
leaching is performed in the dynamic or agitated mode. 

The use of auxiliary energies is one way of increasing the leaching efficiency, mainly 
by boosting the transport phenomena. Swamy and Narayana developed a model to 
explain the mechanisms behind US-assisted leaching (USAL), which they compared with 
its equivalent in the absence of sonication [1] (see Fig. 4.1). Without US assistance, 
leaching is assumed to be caused by leachant penetration through the sample and diffu¬ 
sion of the analytes to the depleted outer region. The effects of US are primarily related 
with the cavitation phenomenon, which, as stated in Chapter 1, involves the implosion of 
bubbles formed during US application when they can no longer efficiently absorb more 
energy. The implosion generates rapid adiabatic compression of gases and vapours 
within the bubbles or cavities and, as a consequence, high effective temperature and 
pressure are generated. The high temperature results in increased solubility of the analytes 
in the leachant and in diffusivity of the analytes from the sample matrix to the outer region. 
The increased pressure favours penetration of the leachant into the sample matrix and 
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Figure 4.1 . Mechanisms of leaching in the absence (A) and presence of sonication (B). 


transport between the solid matrix and liquid phase at the interface [2]. Specifically, the 
following effects are involved: 

(1) Collapse of bubbles generated in the proximity of the solid surface produces 
high-speed microjets which can raise transport rates and increase the surface area 
through surface pitting. 

(2) Particle fragmentation through collision also increases the surface area and, in addi¬ 
tion, it facilitates leachant penetration into the matrix. 

(3) Acoustic streaming disrupts the diffusion layer on the surface. 

(4) Ultrasonic energy facilitates diffusion of the analytes to the outer zone. 

Phenomena 1 and 2 are the result of the microjetting effect described in Chapter 3, 
whereas phenomenon 3 can be identified with the microstreaming effect. One key differ¬ 
ence in selecting the liquid phase for leaching or digestion is the primary purpose, namely: 
selective solubilization of the target analytes in the former and destruction of the sample 
matrix in the latter. 

According to Romdhane and Gourdon [3], US energy accelerates the kinetics of leach¬ 
ing and improves its efficiency through increased diffusion of the analytes to the outer 
region, which is the limiting step of mass transfer. Although the last assertion is only true 
for those matrix-analyte combinations where the limiting step is analyte diffusion, US also 
plays a key role in leaching when the limiting step is breaking of the matrix-analyte bond. 

Another factor that increases the efficiency of USAL is the presence of free radicals 
formed through cavitation. In fact, the oxidative energy of radicals created by sonolysis of 
the solvent dramatically improves the efficiency of leaching, at the expense of potential 
alteration in the stability of the target analytes. 
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4.2. USE OF ULTRASONIC BATHS VERSUS ULTRASONIC 
PROBES FOR LEACHING 

Except in some special cases where the users themselves have designed and produced 
their own ultrasonic devices, US equipment for leaching consists of commercial ultrasonic 
baths or probes. 

The US intensity received by the target sample in ultrasonic baths is strongly influ¬ 
enced by variables such as the level of transmitting liquid, US intensity, shape of the 
leaching vessel and position of the vessel inside the bath. In addition, not all cleaning 
baths operate at the same frequency and not always is such a frequency stated; this 
frequently hinders accurate reproduction of reported leaching methods. 

As stated in Chapter 1, US probes avoid or minimize most of the shortcomings of US 
baths. Thus, the energy emitted by probes is more reproducible and remains constant for 
a longer time. On the other hand, probes generally result in lower sample throughput and 
are subject to decoupling phenomena. Decoupling occurs when cavitation only affects the 
radiating surface, so marginal US intensity is detected elsewhere in the surrounding 
liquid. This undesirable effect can be avoided by dipping the probe either in the sample 
vessel or very close to it [4]. 

Comparative studies have also revealed that probes allowed more expeditious leach¬ 
ing than did ultrasonic baths [5]. In any case, ultrasonic baths have been massively used 
for leaching on account of their accessibility. 


4.3. DISCRETE VERSUS CONTINUOUS ULTRASOUND-ASSISTED LEACHING 

The fact that US facilitates the removal of the target analytes from solid samples is clearly 
reflected in a large number of reported applications encompassing a broad range of 
species and sample types. Most USAL applications have been developed in discrete 
systems using a US bath or probe. Continuous approaches are less common, despite 
their superior performance [2]. This section discusses the general procedures for the 
development of both approaches, their advantages and shortcomings, and the common 
and specific variables that govern their performance. 


4.3.1. Discrete and continuous ultrasound-assisted leaching 

Ultrasound-assisted leaching involves irradiating a sample-leachant system in order to 
facilitate the transfer of the target analytes to the liquid phase. 

The general procedure for developing discrete US-assisted leaching (DUSAL) is sim¬ 
pler than that of its dynamic counterpart (continuous US-assisted leaching or CUSAL), as 
the former requires no specific knowledge to design and construct the continuous mani¬ 
fold and optimize interrelated flow variables as in CUSAL. 

In DUSAL procedures, the sample is weighed and poured into the leaching vessel 
together with an appropriate volume of leachant. Subsequently, US is applied in either of 
the two ways depending on the type of US device used. With a US bath, the sample 
vessel can only be dipped in the transmitting liquid to receive US energy through it. 
On the other hand, US probes allow the use of a transmitting liquid in a bath that can be 
thermostated, so both the probe and the sample vessel can be dipped in the bath or, alter¬ 
natively, the probe tip can be directly inserted into the sample vessel. The latter choice 
provides stronger US action. In both, once leaching is completed, the resulting slurry must 
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be filtered or centrifuged to remove non-dissolved matter — centrifugation is always 
preferable because filtration can result in adsorption of the analytes on the filter — and 
the leachate is diluted to a given volume, if required, to proceed with the analytical 
process. 

For CUSAL, the sample is weighed and placed in a leaching chamber both ends of 
which are tightly connected to the flow manifold in order to avoid leakage of the liquid 
phase and allow passage of the leachant. Two types of sample chamber have so far been 
used for this purpose, namely: 

(1) The one-piece chamber, which consists of a small device with inlet and outlet orifices 
furnished with connectors for placing the container in-line in the dynamic manifold 
(Fig. 4.2A). Insertion of the solid sample into the chamber is time consuming owing 
to its small size and (or) the small diameter of the inlet and outlet orifices — the 
sample is inserted through one. 

(2) The dismountable chamber of Fig. 4.2B, which consists of two halves, the lower of 
which is used to weigh the sample. Following weighing, the two halves are tightly joined 
together by screws which also act as connectors. Both types of cells can be made in 
stainless steel or methacrylate, the latter material enables viewing of the inside cell. 
Because US causes fragmentation of sample particles, the sample chamber must 
be fitted with appropriate filters on both ends to ensure that the solid will remain on the 
inside and avoid sample losses and (or) manifold blockage, and hence overpressure in 
the system or stoppage of the leachant flow, respectively. The filters are frequently 
made of stainless steel or cellulose — depending on particle size, small portions of 
glass wool can be used instead — to avoid interaction with the analytes. 

For fine, very compact samples, the powder must be mixed with glass beads to avoid 
increasing compaction and pressure in the dynamic system. In addition, the presence of 
beads improves sample-leachant contact, as shown in the leaching of phenoxyacid herbi¬ 
cides from soil using water containing ethylenediaminetetraacetic acid (EDTA) as leachant [6]. 
The bead diameter should be chosen in terms of the cell dimensions. Another way of solv¬ 
ing compaction problems and (or) avoiding ineffective sample-leachant contact (e.g. through 
formation of preferential channels in the bulk sample through which the extractant is 
circulated) in samples with a high moisture content is by mixing the sample with sea sand, 
as shown in the CUSAL of phenolic compounds from alperujo [7]. Alperujo is a semi-solid 
residue from olive oil production with a high moisture content (about 70%) that requires 
mixing with sea sand before introduction into the leaching chamber. The sea sand must be 
washed previously in order to remove impurities potentially interfering with subsequent steps. 
Special precautions should be exercised with respect to inorganic analytes as they can also 
be present in glass beads and sand. Washing with different acid mixtures until a blank 
analysis confirms that the analytes are absent from these materials is thus mandatory. 

Once the leaching chamber containing the sample is closed, it is assembled to 
the dynamic manifold and dipped into a bath of transmitting liquid — usually water. Then, 
the dynamic system is filled with the leachant with the aid of a peristaltic pump or a similar 
device. Overpressure and concomitant shortcomings such as leaks should be checked 
during filling. The leachant is circulated through the sample for a previously determined 
optimum time under ultrasonic irradiation and appropriate operating conditions. When 
leaching is completed, the leachate is collected in a reservoir for the development of 
the subsequent steps of the analytical process. Neither filtration nor centrifugation is 
required to separate the leachate from non-dissolved matter after CUSAL, as the solid 
remains in the sample chamber whereas the leachate flows outside the dynamic system. 
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Figure 4.2. Sample cells for continuous ultrasound-assisted leaching. (A) One-piece 
cell and (B) Dismountable cell. (Reproduced with permission of Elsevier, Ref. [2].) 


Before the next run, the system is flushed by circulating the leachant for a preset time 
in order to avoid cross-contamination. 


4.3.2. Comparison of DUSAL and CUSAL 

From the foregoing it follows that DUSAL is simpler than CUSAL. Thus, the former does 
not require skilled operator for proper implementation of leaching. On the other hand, 
CUSAL requires specific training in preparing the system before starting, during leaching 
and after leaching when this operation is connected on-line to others of the analytical 
process. 
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Both DUSAL and CUSAL can be assisted by ultrasonic baths and probes. Baths always 
require a liquid for transmitting the US energy Probes can be dipped in the transmitting 
liquid, — which is always the case with CUSAL — but can also be directly dipped in the 
sample vessel in DUSAL. The presence of a transmitting liquid results in that of two 
media (namely, the transmitting liquid and the vessel walls) between the transducer 
emitting ultrasonic irradiation and the sample-leachant system. On the other hand, direct 
irradiation affords application of a higher energy, which can be important when drastic 
conditions are required. 

Simultaneous treatment of several samples is possible in both discrete and continuous 
approaches, but is more frequent in DUSAL. Both US baths and probes can be used in 
either. When a transmitting liquid is involved, the sample vessel (DUSAL) or chamber 
(CUSAL) is placed in it, so special care must be taken in the number of sample devices 
that are immersed in the transmitting liquid as US wave reflections can reduce the 
sonication efficiency in different zones by factors from 5 to 12 [8]. Also, zones in the trans¬ 
mitting liquid differently affected by US can reach different temperatures. Homogenization 
of the transmitting liquid, continuous renewal or thermostation are convenient ways of 
ensuring reproducible US efficiency with all types of sample devices. The number of 
samples that can be treated simultaneously depends on the experimental US-assisted 
set-up used, which can vary widely in the case of US baths. Thus, the simultaneous 
treatment of up to nine samples in US bath without homogenization, renewal of the trans¬ 
mitting liquid or thermostation provided no statistically significant differences in analyte 
leaching at the 95% confidence level [5]; but this is not always the case, however. 
Concerning probes, all sample chambers should be placed at the same distance from the 
ultrasonic horn. A device such as that shown in Fig. 4.3 allows samples to be placed 
equidistant from the probe tip in DUSAL. 

Continuous approaches outperform DUSAL in some respects. In the last two decades, 
automation has been one growing trend in technology and also in analytical chemistry [9]. 
The most salient advantages of automated analytical methods based on CUSAL over 
those relying on DUSAL are as follows: 

(a) CUSAL saves reagents and samples. For example, hexavalent chromium has been 
leached from soil using both CUSAL [10] and DUSAL [11]. In the former, 1 g of soil was 
leached with 1 ml of leachant; in the latter, 2.5 g of soil required 50 ml of leachant. 

(b) CUSAL can also be coupled to other continuous steps in order to automate the over¬ 
all analytical process in a very easy and inexpensive manner, thereby reducing both 
errors and costs, and increasing the speed of the analyses in most cases [9]. On the 
other hand, the only way to automate DUSAL is by using robotic equipments, which 
is unaffordable to many analytical laboratories. One example of the use of robotics in 
this field is a method for the analysis of absorbing gel materials in diapers [12], where 
the use of a Zymate XP robot enabled complete automation of the analytical process 
(viz. USAL and acid-base titration) and it dramatically increased the sampling 
frequency. There is also a discrete method for the determination of cations in lichens, 
in which a burette was used to introduce a volume of leachant in the sample cell, 
which was sonicated for a preset time; then, the robot arm carried the leachate to a 
vial in a capillary electrophoresis (CE) autosampler [13]. 

(c) Unlike DUSAL, CUSAL requires no filtration or centrifugation. 

Notwithstanding the advantages of CUSAL over DUSAL (automatability, mainly), the 
former has been less frequently used than the latter. In fact, few research groups have to 
date worked on CUSAL. 
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Figure 4.3. Device for the simultaneous treatment of several samples in DUSAL using 
an ultrasonic probe. 


4.3.3. Variables affecting DUSAL and CUSAL 

There are a number of common variables to be optimized in DUSAL and CUSAL. These 
variables, which are discussed in Chapter 3 as they also affect the efficiency of 
US-assisted digestion, are common to USAL and other processes assisted by this energy, 
and their effect has not been properly studied in the few US-assisted digestion methods 
reported so far. By contrast, most such variables have been optimized in USAL methods 
and classified as related or unrelated to the application of US energy. A distinction is 
made below between DUSAL and CUSAL when required in discussing their effects. 


Variables related to ultrasonic assistance 

The main variables related to the way in which US energy is applied to the 
sample-leachant system are the US amplitude, frequency, pulse mode operation, irradi¬ 
ation time, position of the vessel in the ultrasonic field, distance between the probe tip and 
sample vessel or chamber, and volume and nature of the transmitting liquid. 

Ultrasound amplitude (power). This variable is directly related to the amount of energy 
applied and has similar effects with baths and probes. The former, however, are not 
powerful sources as most of them use modern piezoelectric transducers which provide a 
low-intensity power (in the region of 1-5 W/cm 2 ). 

Leaching is accelerated mainly by high-amplitude US; however, medium- or even low- 
amplitude US can be a better choice when the decoupling effect makes near-maximum 
amplitudes impractical [14,15]. Such is the case with the removal of nitropolycyclic 
aromatic hydrocarbons from soil by CUSAL [16], which requires an output amplitude of 
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30% of 400 W as total power, and with the continuous leaching of cadmium and lead from 
plants [17] using an output amplitude of 10% of 400 W as total power. 

Ultrasound frequency. Raising the irradiation frequency entails increasing the irradiation 
amplitude in order to maintain an equivalent amount of cavitational energy in the system. 
Although the irradiation frequency influences the leaching efficiency, it is rarely optimized 
in USAL methods, as these ultrasonic devices usually operate at a single frequency. 
One example where the US frequency was optimized by using a transducer array is the 
leaching of tannins from Salix phylicifolia using water as leachant [18], where low- 
frequency US was found to be preferable for two reasons, namely: (a) cavitation was more 
easily generated and helped to destroy the cellular structure of the wood; and (b) multiple 
scattering and attenuation was low at low ultrasonic frequencies by virtue of the presence 
of small amount of solid suspended particles. The improved performance of low-frequency 
US is more apparent when sufficiently different settings (e.g. 20 and 40 kHz) are 
compared. Similar irradiation frequencies allow no accurate predictions in this respect. 
One exception is the USAL of active principles such as pyrethrines from pyrethrum 
flowers using hexane as leachant [3], where two very close frequencies from the same 
horn (20000 and 20223 Hz) resulted in a difference of 32% in leaching efficiency in 
favour of the higher one. 

No commercial tunable frequency US devices, which could provide interesting 
conclusions about the influence of this variable on leaching, exist. Simultaneous irradia¬ 
tion with US at two different frequencies selected between 20, 40, 43 and 720 kHz was 
tested for metal leaching from ores [19]. Increased efficiency and significant savings in 
energy and operation time were obtained by simultaneously using the two sound wave 
sources, particularly those of the lower frequencies, to produce cavitation. The results 
obtained with single and dual frequencies are illustrated in Fig. 4.4 for copper leaching 
from ores. As can be seen, the efficiency of single-frequency USAL increased with 
decreasing frequency at a constant US intensity (2 W/cm 2 ); however, the use of single¬ 
frequency US for 20 min provided a maximum metal leaching efficiency of 62.5%, 
whereas the combined use of 20 and 40 kHz US at the same amplitude for the same time 
resulted in 92% metal leaching efficiency. Dual-frequency US irradiation increases grinding 
of ores during collision by causing size reduction, which facilitates the leaching of metals. 
Thus, when an ultrasonic power is distributed among the two transducers located co-axially 
arranged in opposite directions instead of being applied via a single transducer, higher 
energy density is produced by the effect of the larger amplitudes involved. The increased 
density gives rise to larger concentration gradients, which facilitate diffusion and accelerate 
leaching as a result. 

Pulse mode operation. Ultrasonic probes can operate in the pulse mode, where the 
variable to be optimized is the duration of the pulse, also known as the duty cycle 
(viz. the fraction of time US is applied within each second). The optimum pulse duration 
can range from a long time (US is emitted in an almost continuous manner) to a short one 
(0.1 s or less). One typical example of the use of a short duration and a low radiation 
amplitude is the above-described method for the removal of cadmium and lead from 
plants using 0.1 s and 10% of 400 W, respectively [17]. These values do not involve the 
favourable effects of US on leaching to be excluded, but the optimal operating conditions 
ensuring the most efficient cavitational effects are provided by short pulses of low-amplitude 
US energy. However, not always do low or high values of the two variables provide the best 
results. Thus, Garcia-Rey et al. [20] found the optimum duty cycle and radiation amplitude 
for the DUSAL of metals from meat samples to be 0.1 s and 70% of the converter nominal 
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Figure 4.4. Variation of the copper leaching efficiency with the sonication time at a 
variable ultrasonic frequency and a constant intensity of 2 Wicm 2 . (Reproduced with 
permission of Elsevier, Ref. [19].) 


amplitude of 400 W at 20 kHz, respectively so, leaching was favoured by short US pulses 
of a high amplitude. Therefore, the optimum irradiation amplitude and pulse duration 
depend directly on the particular analytes to be leached and the type of matrix that con¬ 
tain them; as a result, both high and low settings for these parameters have been 
reported. 

Position of the sample vessel. Although the position of the sample container with 
respect to the transducer is not a characteristic variable of US application, it determines 
the amount of energy that is received by the sample. This variable, exclusive of ultrasonic 
baths, should be optimized in both DUSAL and CUSAL methods. When only one sample 
is leached, the precision is not affected provided the sample vessel is always in the same 
position — cavitational effects can be maximal or not in this situation, however. If several 
samples are simultaneously treated, then the precision is probably affected because the 
irradiation profile is not uniform throughout the bath. One example is the DUSAL of 
cadmium and lead from foods, where the iodine method was used to locate the best 
position for cavitational effects [5]. This requires the use of mapping techniques. 

Distance between the probe tip and the sample vessel or cell. This variable is equivalent to 
the vessel position in ultrasonic baths. Optimizing it entails testing different distances or using 
a mapping technique, as in the above-described leaching of active principles from flowers [3], 
where a thermoelectric probe allowed the position where cavitational effects were maximal 
to be located. When the ultrasonic probe is introduced in the transmitting liquid for DUSAL, 
the tip-vessel distance usually ranged from 1 to 10 cm; the energy supplied to the sample 
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can be increased by shortening the distance, but the effect also depends on whether an 
open or closed vessel is used. On the other hand, when the probe tip is dipped in the 
leaching medium — as is usually the case in strong treatments — this variable is substi¬ 
tuted by the immersion depth of the probe tip in the leaching medium. The situation is 
similar in CUSAL, where the working distance usually ranges from 1 to 5 mm, however. 

Volume and nature of the transmitting liquid. As stated in Chapter 3, the volume of the 
transmitting liquid must always be considered with ultrasonic baths and, also with probes 
when the tip is not directly dipped into the system to be sonicated. The purpose of optimiz¬ 
ing the volume of the transmitting liquid is to facilitate efficient transmission through it. 
The nature of the transmitting liquid must be properly chosen as it influences cavitation. 
Both the volume and nature of the transmitting liquid used are frequently omitted in 
optimization tests. Their influence has been clearly demonstrated by Nascentes etal. [21] 
in their study of metal leaching (Ca, Mg, Mn and Zn) from vegetable samples in an ultrasonic 
bath. A volume of 1 000 ml of water containing 0.2% (w/v) of a detergent provided optimal 
results. Concentrations above 0.2% increased the presence of solid particles in the 
transmitting liquid and hindered propagation of ultrasonic energy. 

Ultrasonication time. This variable, which is frequently included in optimization tests, is 
the period over which US is continuously applied (particularly with ultrasonic baths) or 
US pulses generated (with probes). Its optimum value depends on the particular operating 
conditions (viz. the US power, source, leachant), and also on the type of sample and analytes 
involved. Usually, the ultrasonication time ranges from few seconds to minutes (or even 
hours in specific applications requiring strong treatments or with the low-energy ultrasonic 
sources). The ultrasonication time can be optimized together with other important 
variables by using multivariate methodology and experimental designs (particularly with 
unstable analytes). When several leaching cycles are used, the ultrasonication time can 
refer to each individual cycle or to the overall leaching step. One example of the use of 
leaching cycles is a method for the removal of fat from bakery products, where fresh 
leachant was employed in cycles of ultrasound application and all sub-leachates were 
subsequently collected to quantify the removed species [22]. 

Once all variables have been optimized, a kinetic study of the leaching efficiency as a 
function of the ultrasonication time can be used to examine the course of the leaching 
process and determine the time required for complete removal of the target species. 


Variables unrelated to ultrasonic assistance 

Some operational variables not related to US application affect all leaching methods and 
therefore require optimization as well. The most important are discussed below. 

Temperature. One of the main advantages of USAL is that it can be performed at ambient 
temperature, particularly in applications where this variable is restrictive owing to the 
presence of thermolabile analytes. During US application, the temperature increases as 
a function of the values of US variables such as the amplitude, pulse duration and irradiation 
time. For this reason, some ultrasonic devices are equipped with temperature control during 
leaching to stop the ultrasonic source if a preset maximum temperature is reached. This is 
frequently referred to as “the temperature mode” and is used mainly in leaching processes 
involving long irradiation times. The temperature is controlled via measurements of the 
transmitting liquid. Once the temperature falls below the preset maximum after US is 
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stopped, irradiation is resumed. When an appropriate temperature is the key to obtain a 
high leaching efficiency, its influence should be carefully examined in the optimization 
study [23,24]. Both the range over which the temperature can be optimized and the value 
adopted as optimal should fall below the highest working temperature recommended in 
the user’s manual of the ultrasonic source in order to avoid damaging. The optimum value 
can range from 70°C required (e.g. in the USAL of hexavalent chromium from welding 
fumes [25]) to 20°C (e.g. in the removal of copper from mussels [26]). The optimum 
temperature is therefore dependent on the nature of the sample. 

Leachant. The nature of the leachant is dictated by the properties of the analytes 
(particularly by their polarity). A pure solvent or a solvent mixture can be equally effective as 
leachants. The ability to use solvent mixtures is one major advantage of USAL over Soxhlet 
leaching. The importance of the leachant composition is apparent in applications such as 
the USAL of hexavalent chromium — a human carcinogen — in the presence of tervalent 
chromium — relatively non-toxic and an essential nutrient in the human diet to maintain effec¬ 
tive glucose, lipid and protein metabolism — from solid samples [27,28]. Whereas Cr(VI) is 
usually leached at pH > 7, where it is thermodynamically stable, Cr(lll) is unstable in alkaline 
medium. Ammonia inhibits the oxidation of Cr(lll) to Cr(VI) in aqueous alkaline media by 
complexation; therefore, an ammonium buffer [(NH^SC^-N^] is used to leach Cr(VI). 

Modifiers can be included in the leachant composition for improving the efficiency. 
One typical example is the use of surfactants as leachant components in USAL. Surfactants 
possess special properties such as ability to solubilize compounds of variable nature with a 
high efficiency and safety at a low cost. Low concentrations of these modifiers are usually 
employed, which facilitates their removal. Thus, Genapol X-080 has been effectively used for 
the USAL of active principles such as tanshinones from Salvia miltiorrhiza bunge (a Chinese 
plant) at 10% (w/v) in water [29]. The method provides a leaching efficiency similar to that 
obtained with methanol and dichloromethane-methanol and avoids the use of large amounts 
of toxic organic solvents. The micelle-assisted USAL of polycyclic aromatic hydrocarbons 
(PAHs) from marine sediments using 3.1% (w/v) polyoxyethylene-10-lauryl ether in water [30] 
provides a mean leaching efficiency of 99.5%; a comparison with its microwave-assisted 
counterpart revealed that the precision was dramatically improved by US assistance. In the 
previous two examples, the use of surfactants enabled subsequent preconcentration by 
cloud-point extraction with high concentration factors due to the reduction of the surfactant- 
rich phase volume. Micelle-assisted USAL has also been applied to inorganic compounds 
(e.g. in a method for the removal of trace elements from plants followed by ICP-AES detec¬ 
tion [31]). Various surfactants including Triton X-100, didocecyldimethylammonium bromide 
and cetyltrimethylammonium bromide have revealed that quantitative efficiency in USAL with 
diluted acid (HCI), with and without the aid of low concentrations of surfactants, affects both 
ICP-AES signals and the nebulization process. However, the leaching efficiency depends on 
the type of surfactant, target element and sample matrix. 

Another advantage of USAL is the need for little or no additional chemicals as com¬ 
pared to classical methods. Such is the case with the USAL of trans- fatty acids from 
bakery products [32]. This method uses n- hexane as leacher; by contrast, the Folch ref¬ 
erence method requires a chloroform-methanol mixture and additional reagents including 
sodium chloride to remove non-fat contaminants such as sugars, amino acids and salts, 
which are co-extracted with the lipid fraction. 

Particle size. Irradiating a suspension with US causes particle disruption to an extent 
dependent on both the initial particle size and the properties of the solid. Particle disrup¬ 
tion in turn increases the surface area available for mass transfer and is thus one of the 
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most critical variables influencing USAL (through its effect on the contact surface area). 
The leaching efficiency strongly depends on how rigorously particle size is optimized. 
Filgueiras etal. studied the effect of variables including the extraction time, US amplitude, 
acid concentration in the leaching agent, leachant volume, amount of sample and particle 
size on the USAL of magnesium, manganese and zinc from plants prior to determination 
by flame atomic absorption spectrometry [33]. In previous research, particle size had 
proved a key variable. A small size (50 pm) was required to ensure quantitative leaching. 
In fact, the amount of metals leached increased with decreasing particle size. Beyond a 
certain particle size (< 50 pm), however, a further decrease in size was not accompanied 
by an increase in the amount extracted. Similar results were obtained in the leaching of 
metals (viz. copper, iron, zinc, calcium and magnesium) from animal feeds [34], where the 
optimum particle size was found to be in the range 0.25-0.50 mm. Smaller particle sizes 
resulted in decreased leaching efficiency for all metals, except calcium. Although particle 
size is rarely included among the optimized variables in USAL procedures, it is essential 
to examine its effects with a view to obtain reproducible results in routine USAL methods. 

Sample-leachant ratio. This variable should be optimized for two main reasons. First, the 
analytes must be at a suitable concentration in the leachate to allow their determination 
without the need for subsequent dilution or concentration, which lengthen the analytical 
process and are the sources of error. Second, the amount of sample and volume of 
leachant should be as small as possible while representative to avoid environmental 
problems and unnecessary expenses. 

Agitation. Agitation accelerates mass transfer through increased sample-leachant 
contact. In the method of Hristozov et al. [24] for direct USAL of heavy metals from 
sewage sludge, 10 min of agitation by magnetic stirring for a sonication time of 20 min 
was found to facilitate leaching. Bubbling into the leaching medium also improved the 
leaching efficiency by favouring sample-leachant contact and cavitation. 

Shape of the sample container. This variable is rarely examined despite its proven 
decisive influence, particularly when probes furnished with microtips are used in small 
vessels [35]. For small volumes, the smallest diameter vessel which allows the probe to 
be inserted without the risk of touching the vessel walls must be chosen. This minimized 
vessel diameter raises the height of the liquid sample, thereby exposing a higher surface 
area to the external cooling bath for more effective heat transfer; some energy, however, 
will be reflected back when the wave sound impinges directly on the bottom. In addition, 
when the leachant volume is minimized, the number of impacts between particles induced 
by cavitation is maximized and analyte leaching boosted as a consequence of the disrupting 
effect. Capelo et al. examined the influence of the sample vessel design on the USAL of 
PAHs from sediments on a small scale using a microtip [36] and found the Eppendorf-type 
vessel to provide the best results. 

Dynamic variables. These variables are characteristic of CUSAL, but unrelated to the 
way US is applied. The leachant flow-rate, whether straight or coiled tubes are used and 
merging points included for the in situ formation of unstable mixtures, among others, are 
well-known variables for users of dynamic manifolds. 


4.3.4. Approaches for CUSAL 

As stated earlier, the use of continuous systems for USAL provides substantial 
advantages such as a modest consumption of sample and reagents, expeditiousness, 



Ultrasound-Assisted Leaching 


111 


avoidance of filtration and, obviously, the possibility of coupling with other steps of the 
analytical process. The last advantage allows the analytical process to be partly or fully 
automated and enjoy the additional benefits inherent in automation. Notwithstanding 
these advantages, few CUSAL methods exist in relation to batch leaching. CUSAL can be 
implemented in open or closed manifolds 1 . 


Continuous US-assisted leaching in open systems 

These systems are very simple. In fact, they consist of open tubes connected to the inlet 
and outlet of the sample chamber (see Fig. 4.5A). For proper feeding of the chamber, the 
other end of the inlet tube is dipped in the reservoir holding the leachant, which is circu¬ 
lated through the manifold with the aid of a propelling unit. The outlet tube leads the 
leachate to the collection reservoir. Depending on the volume of leachant there are two 
types of manifolds: 

In one-direction manifolds , the leachant is continuously pumped through the sample 
chamber always in the same direction; in this way the solid is continuously brought into 
contact with fresh leachant and the mass transfer equilibrium is displaced to the solubi¬ 
lization of the analyte into the liquid phase. 

In two-direction manifolds , a given volume of leachant is introduced into the manifold and 
the direction of the flow is changed at preset intervals by programming the propulsion 
system. In this way, the leachant goes back-and-forth through the sample, thus avoiding 
both its compaction in the leaching chamber and raising the pressure inside the dynamic 
system. The leachant volume delivered is determined by the time the leachant is pumped 
into the manifold. 

One-direction manifolds have the disadvantage that they cause leachate dilution, 
which, however, can be offset by implementing a concentration step after leaching. Two- 
direction manifolds afford more reproducible work as they allow more precise control of 
the leachant volume; however, mass transfer to the leachant may be incomplete if the 
solid-liquid partitioning equilibrium does not favour passage to the liquid phase. One way 
of circumventing the main shortcomings of the two types of open manifolds (namely, 
leachate dilution and non-quantitative removal) is by using a combination of both, that is, 
the sequential use of back-and-forth steps and cycles of leachate draining and filling of 
the dynamic system with fresh leachant [22]. 


Continuous US-assisted leaching in closed systems 

Closed CUSAL systems consist of a circuit comprising the sample chamber and at least 
a switching valve for both introduction of the leachant and final collection of the leachate 
into a vial or reservoir (see Fig. 4.5B). The leachate can also be driven to a continuous 


1 In continuous manifolds (particularly flow injection manifolds), the word “open” is used to refer to 
those cases where the entire light or diameter of the tubing is occupied by liquids; by contrast, 
“packed” is used when the solid material (a sorbent, a support-enzyme conjugate, etc.) fills a portion 
of the tube. In the context of continuous leaching manifolds, “open” as opposed to “closed” is used 
to distinguish linear manifolds from manifolds in which the liquid is recirculated with the aid of valves 
that convert the manifold from closed to open and vice versa. 
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Figure 4 . 5 . Experimental set-up for continuous ultrasound-assisted leaching in an 
open (A) and closed manifold (B). C — coil, CR — collection reservoir, L — leachant, 
LC — leaching chamber, PC — personal computer, PL — propagating liquid, 
PP — peristaltic pump, SV — switching valve, UP — ultrasonic probe, 1 / 1 / — waste and 
WB — water bath. 
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manifold for on-line development of other steps of the analytical process, thus enabling 
full automation. Once leaching is completed, the switching valve is actuated to have the 
leachate swept by a carrier. The volume of leachant in the closed circuit is continuously 
circulated through the solid sample. There are two possible operational modes depend¬ 
ing on the direction of the leachant, which can be continuously circulated in the same 
direction, — in contrast to open systems, a constant leachant volume is passed through 
the sample — or, similar to open manifolds, in alternate directions by programming the 
impulsion device. Closed systems have the advantages that they cause less marked dilu¬ 
tion of the leachate and that they allow the leaching kinetics to be monitored either by 
withdrawing fractions of leachate for analysis or by inserting a flow cell in the circuit for 
continuous monitoring of the leaching process. 


4.4. COUPLING CUSAL TO OTHER STEPS OF THE ANALYTICAL PROCESS 

The designs described in Section 4.3.4 have been used either to leach the target analytes 
only and then proceed off-line with other steps of the analytical process, or to couple leach¬ 
ing on-line with other steps in order to automate the overall process as far as possible. 


4.4.1. Off-line coupling of leaching to subsequent steps of 
the analytical process 

Continuous ultrasound-assisted leaching is implemented off-line when the complexity of 
the subsequent steps hinders their development in a continuous manner. One of the few 
examples of continuous implementation is the analysis of phenolic compounds in 
strawberries [37], where the analytes were leached by CUSAL in an acetone solution 
containing 0.2 M hydrochloric acid and terf-buthyl-hydroquinone. After leaching, a rotary 
evaporator facilitated evaporation of acetone to near-dryness of the leachate, the residue 
being diluted with water adjusted to pH 8. Then, a clean-up preconcentration step was 
coupled on-line with individual separation and detection. Solvent exchange was the step 
most strongly hindering coupling to CUSAL. Another example also related to phenolics is 
their leaching from alperujo prior to separation-quantification by CE with diode array 
detection: a centrifugation step, which cannot be coupled on-line, was required after 
leaching [7]. The process can only be implemented in a discrete automated manner by 
using a robotic workstation. 

In some cases, a given step can be coupled on-line with USAL but off-line development 
provides better results. Such is the case with a method for the determination of the trans -fatty 
acid content in bakery products [32]: following isolation of total fat, the fatty acids must be 
derivatized to methyl esters, which are volatile, for subsequent analysis by gas chro¬ 
matography separation with mass spectrometry as detection system. The derivatization 
reaction must be complete, selective and sensitive enough, which is difficult to accomplish 
in a continuous manner as the procedure involves: 

(a) reaction with sodium methylate, which is faster under agitation with a vortex instead 
of a mixing coil in a continuous system; 

(b) centrifugation to separate the aqueous and organic phases, which is more effective 
than the use of a phase separator in continuous liquid-liquid extraction; and 

(c) preconcentration in a rotary evaporator, which is also more efficient than solid-phase 
extraction coupled on-line with leaching for volumes in the region of 100 ml. 
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Because a commercial vortex, centrifuge or rotary evaporator can process several samples 
simultaneously, off-line batch derivatization is more practical, efficient and expeditious. 


4.4.2. On-line coupling of leaching to subsequent steps 
of the analytical process 

Leaching has been coupled to various steps of the analytical process in order to exploit 
their advantages. The coupling involves: 

(a) direct detection when the leached species are sensitive to a given detector type; 

(b) concentration (e.g. solid-phase extraction) prior to detection in order to overcome 
a dilution effect; or 

(c) isolation of the individual target species by chromatography or CE. A derivatization 
step can also be included at any point of the overall process. 

The situation can be as simple as coupling leaching to detection or as complex as 
linking a chain of steps, most often in an automated way. 


On-line coupled leaching and detection 

The leaching-detection couple is the simplest case enabling full automation of the analytical 
process. Depending on the particular continuous manifold used, the two operations can 
be coupled in different manner. In open systems, the detector can be placed at the end of 
an open manifold as shown in Fig. 4.6A; nevertheless, when these systems have been 
used for leaching purposes — one of their main applications — the subsequent steps of 
the analytical process have been performed off-line. In any case, in the one-way mode, 
fresh leachant is continuously pumped into the system, so the ensuing dilution decreases 
the sensitivity. One operational procedure here involves stopping the flow of leachant for 
a preset time during US application to facilitate analyte removal without significant dilu¬ 
tion. When the direction of the leachant is changed at preset intervals, the location of the 
detector allows monitoring of the enrichment of the liquid phase with the leached analytes 
and hence the leaching kinetics. However, the most frequent choice is to allow leaching 
to complete and collect the leachate into a vial for subjecting it to subsequent steps. 

Closed manifolds allow the detector to be placed inside or outside the open-closed 
circuit. Inserting the detector within the circuit (Fig. 4.6B) is only useful when the detector 
is sensitive to the target analytes or the leachant contains the derivatizing reagent. In both 
cases, the leaching process is continuously monitored and a rising signal is obtained, the 
slope of which reflects the leaching kinetics. Attainment of the mass-transfer equilibrium 
is signalled by the change from a rising segment to a plateau, after which the switching 
valve is opened to have the leachate driven to waste. 

When the detector is placed outside the closed circuit, the valve that switches between 
an open and a closed system also acts as a connector with a dynamic manifold in which 
a derivatization reaction is conducted before the leachate reaches the detector. The two 
steps involved in the overall process (namely, leaching and derivatization-detection) are 
depicted in Figs. 4.7A and 4.7B. 

Similar to other dynamic approaches, a variety of optical (spectroscopic and non- 
spectroscopic), electroanalytical (amperometric, potentiometric, conductimetric) 
and thermochemical detectors can be coupled to continuous US-assisted leachers to 
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Figure 4.6. Coupling of continuous ultrasound-assisted leaching and detection in an 
open (A) and a closed manifold with the detection system in the circuit for monitoring the 
leaching process (B). C — coil, D — debubbler, DS — detection system, FC — flow cell, 
L- leachant, LC — leaching chamber, PC — personal computer, PL — propagating 
liquid, PP — peristaltic pump, SV — switching valve, UP — ultrasonic probe, 1/1/— waste 
and WB — water bath. 
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Figure 4 . 7 . Coupling of continuous ultrasound-assisted leaching in a closed manifold 
(A) and the derivatization-detection step (B). C — carrier, D — debubbler, DS — 
detection system, FC — flow cell, L — leachant, LC — leaching chamber, PL — 
propagating liquid, PP — peristaltic pump, R — derivatization reagent, RC — reaction 
coil, SV — switching valve, UP — ultrasonic probe, W — waste and WB — water bath. 
(Reproduced with permission of Elsevier, Refs. [38,39].) 
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monitor leaching. However, only molecular and atomic optical detectors have to date been 
coupled to either open or closed leachers, always via FI manifolds. Molecular optical 
detectors are most frequently coupled to CUSAL, implemented through a flow cell, from 
which the leachate is led to waste after monitoring. Examples of the use of photometric 
detectors in this context include the methods for leaching iron from plant material for its 
subsequent determination following derivatization with 1,10-phenanthroline [38]; that of 
boron from soils using azomethine-H as derivatizing reagent and the manifold in Fig. 4.7 
[39]; and that for the determination of hexavalent chromium [10], which was quantified by 
monitoring the absorbance of its complex with 1,5-diphenylcarbazide. Garrigues etal. [40] 
determined nicotine in tobacco by FTIR using a micro-flow cell with ZnSe windows and a 
pathlength of 0.457 mm. On the other hand, atomic detectors do not require a flow cell 
as the leachate is directly aspirated into the burner by nebulization. Such is the case with 
the method proposed by Yebra et al. for the determination of metals in meat or mussels 
[26,41-46] by using a continuous US-assisted leacher coupled on-line to a flame atomic 
absorption spectrometer (FAAS). 

One type of unit most often required when a molecular detection system is coupled 
on-line with USAL is a debubbler. This device is useful in both closed and open manifolds 
as US usually produces bubbles that should be removed from the manifold to avoid 
parasitic signals at the detector. 


On-line coupled leaching and filtration 

Leaching and filtration are also often coupled in CUSAL. The main purpose is to remove 
suspended material from the leachate. Filtration should be avoided whenever possible as it 
can result in the retention of the target analytes on the filter; however, it may be the most 
effective way of removing particles that might cause problems in subsequent continuous 
steps. One case in point is the method of Cassella et al. for the determination of 
dithiocarbamate pesticides in commercial formulations and spiked solid samples [47] using 
the experimental set-up of Fig. 4.8. Samples were leached with the aid of an ultrasonic bath, 
after which filtration was required to prevent suspended material from reaching the detection 
system, which was a Fourier transform infrared (FTIR) spectrometer. In this way, all opera¬ 
tions (namely, leaching, filtration and measurement) were integrated in order to minimize 
handling of samples and standards by the analyst — the analytes were toxic compounds 
that could cause skin and mucose membrane irritation, nerve and visual disturbances, and 
irreversible eye damage. The filtration unit was made by coupling an empty solid-phase 
extraction cartridge with a 0.45-pm nylon filter. 

The filter can be easily cleaned if it is placed in the loop of an on-line injection valve 
so that, when filtration is completed, the flow of an appropriate rinsing solvent is passed 
through the filter in the upstream of the leachate in order to drag the solid retained on it. 


On-line coupled leaching and concentration or clean up 

Solid materials are commonly used to retain either analytes or interferents in solution in 
continuous analytical systems on account of their advantages. Thus, they afford 
efficient trace preconcentration in a convenient manner, thereby lowering detection and 
quantification limits and enabling the determination of the target analytes at the required 
levels. Also, they facilitate the removal of interferents (leachate clean-up) and the storage 
of analytes as the retained species remain unaltered over long periods due to the inert 
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Figure 4.8. On-line coupling of USAL and filtration for the determination of 
dithiocarbamate pesticides in commercial formulations. AL — analysis loop, 
C — carrier, FC — flow cell, FTIR — Fourier transform Infrared spectrometer, FU — filter 
unit, MS — magnetic stirrer, PP — peristaltic pump, ST — standard, UB — ultrasonic 
bath, V — sample vessel and 1/1/ — waste. (Reproduced with permission of the Royal 
Society of Chemistry, Ref. [47].) 


nature of most sorbents. These materials prevent undesirable species, whether solid or 
liquid, from reaching the analyser or instrument and causing malfunctions with potential 
economic implications (filter effect). Finally, their on-line coupling poses no special tech¬ 
nical difficulties [9]. Sorbent materials are usually packed either in cartridges or in short 
stainless steel or glass columns. Depending on the physical properties of the sorbent 
(particle size, bed length, etc.), the cartridge or column can be operated at room 
pressure, under gravity-flow conditions or at a high pressure. For the on-line imple¬ 
mentation of a sorption step, a packed column cartridge is placed in the loop of an 
injection valve and the process conducted in two steps. First, with the valve in the fill¬ 
ing position, the leachate coming from the US-assisted leacher is passed through the 
sorbent column in order to retain the target analytes and drive the remaining leachate 
to waste. In the second step, the valve is switched to the load position and an appro¬ 
priate liquid phase is propelled to elute the analytes and bring them to the next step of 
the analytical process. Elution is performed upstream of retention, which avoids 
increased compaction of the solid material and hence overpressure problems in the 
dynamic manifold. The analytes are subsequently released from the column and driven 
to the instrument. Using air as the eluent carrier ensures minimal dilution. 
Reproducibility in the eluent volume can be achieved by confining it in the loop of an 
injection valve. 

The retention material must be conditioned between uses in order to obtain 
reproducible results. The preconcentration factor is calculated as a function of the ratio 
between the leachate and elution volumes. A clean-up effect is usually obtained in the 
retention of the analytes as interferents are either not retained by the packed material or 
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retained but not eluted with the analytes if an appropriate eluent is used. A cleaning step 
involves selective retention of interferents in the column and passage of the analytes 
through it: the leachate is passed through the cartridge, the outlet of which is directly 
connected to the module where the next step of the analytical process is to take place 
while the column is regenerated. Regeneration is easier if the column is placed in the loop 
of an injection valve. 

The choice of the sorbent is dictated by the characteristics of both the analytes and 
their potential interferences. The sorbents most frequently employed here are silica, 
alkylsilane-modified silica (bonded phases), alumina, porous polymers (with and without 
ion-exchange groups) and carbon-based materials. One typical application is a method 
for the determination of hexavalent chromium in soils [10] using the on-line system 
depicted in Fig. 4.9. After USAL, the analytes in the leachate were directly determined or 
preconcentrated depending on their concentration. Concentration was performed by 
on-line solid-phase extraction using a laboratory-made minicolumn packed with a strong 
anion-exchange resin. The absolute limits of detection were 4.52 and 1.23 ng without and 
with preconcentration, respectively. 


LEACHING DETERMINATION 

A Without pre-concentration 



\ B With pre-concentration 



Figure 4.9. On-line coupling of USAL and detection with (B) and without (A) 
an intermediate preconcentration-clean-up step for the determination of hexavalent 
chromium in soil. AS — acid stream, D — debubbler, DPC — diphenylcarbazide, 
DS — detection system, FC — flow cell, IV — injection valve, L — leachant, LC — 
leaching chamber, MC — mixing coil, PL — propagating liquid, PP — peristaltic pump, 
RC — reaction coil, SAEC — strong anion-exchange column, SV — switching valve, 
UP — ultrasonic probe, W — waste and WB — water bath. (Reproduced with permission 
of the Royal Society of Chemistry, Ref. [10].) 
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On-line coupled leaching and individual separation 

A flow manifold and continuous individual separation can be coupled via a variety of inter¬ 
faces. However, only HPLC and GC have in fact been coupled to CUSAL, and only in a 
few applications. This is a logical consequence of the nature of US as vibrations from the 
ultrasonic source can affect sensitive parts of instruments. A CUSAL-HPLC interface can 
be as simple as a tube for transporting the leachate to the loop of the high-pressure injec¬ 
tion valve of the chromatograph and filling it; the valve is then actuated to have the mobile 
phase drive the sample to the analytical column. One example of this coupling is a 
method for the determination of phenoxyacid herbicides in soils [6], which involves USAL 
in a closed manifold coupled on-line with a clean-up and concentration column packed 
with commercial C 18 Hydra sorbent material and also with a chromatograph for individual 
separation and diode array detection of the analytes. The steps preceding chromato¬ 
graphic separation are conducted in the flow injection manifold, which allows the process 
to be fully automated. 

The CUSAL-HPLC couple has been combined additionally with pre- or post-column 
derivatization. Thus, pre-column derivatization was used for the determination of colistin A 
and B in feeds; following USAL, the analytes were derivatized with o-phthaldialdehyde/2- 
mercaptoethanol and separated by HPLC for fluorimetric detection [48]. The experimen¬ 
tal set-up used is depicted in Fig. 4.10A. Another application of CUSAL-HPLC is the 
determination of A/-methylcarbamates in soils and food [49] (see Fig. 4.1 OB), where 
the analytes were also derivatized with o-phthaldialdehyde after separation for fluorescence- 
based monitoring. A number of steps of the process including leaching, filtration, 
solid-phase extraction, liquid chromatographic separation, post-column derivatization and 
fluorescence detection were performed on-line, all in an automated manner. 

CUSAL can also be coupled to any other type of continuous separation by using an 
appropriate interface. Thus, CUSAL has been coupled to GC via a large-volume injection 
(LVI) module consisting of a programmed-temperature vaporizer (PTV) and the six-port 
injection valve shown in Fig. 4.11 to develop an on-line method for the determination of 
airborne organophosphate esters following their trapping on binder-free borosilicate fibre- 
glass filters [50]. The whole leached fraction — viz. 800 jil of 7:3 (v/v) hexane/methyl-terf- 
buthyl ether — was introduced without clean-up into the GC, which allowed the analytical 
process to be completed in less than 15 min. 


4.5. ULTRASOUND-ASSISTED LEACHING VERSUS 
OTHER LEACHING ALTERNATIVES 

A number of alternatives to classical leaching methods ever since US was first used as 
auxiliary energy to assist a leaching process have been in use. The advantages of USAL 
over the classical leaching methods are obvious: frequently, the latter involve longer time 
preparation procedures under drastic conditions, the use of hazardous reagents and 
intensive intervention of the analyst, all with little room for automation. Similar to US, other 
auxiliary energies such as microwaves or the use of high pressures and temperatures 
have proved effective with a view to accelerate and automate leaching. The advantages 
and disadvantages of USAL as compared to three widely used leaching alternatives are 
discussed below. The three alternatives are classical Soxhlet leaching and two more 
recent techniques (namely, microwave-assisted extraction (MAE), and supercritical fluid 
extraction (SFE), which are increasingly competing with US-based methods in improved 
official methods of analysis. 



A Pre-column derivatization 

from SV2 



Figure 4.10. On-line coupling of USAL and detection with derivatization: (A) in the pre-column mode for the determination of 
colistin A and B in feeds; (B) in the post-column mode for the determination of N-methylcarbamates in soil and foods. AC — 
analytical column, C — carrier, DC — derivatization coil, EL — elution loop, F — filter, FD — fluorimetric detector, HC — hydrolysis 
coil, HPIV — high-pressure injection valve, HPP — high-pressure pump, IV — injection valve, L — leachant, LC — leaching 
chamber, MP — mobile phase, OPA — o-phthaldialdehyde, PC — preconcentration column, PL — propagating liquid, PP — 
peristaltic pump, SV — switching valve, UP — ultrasonic probe, W — waste and WB — water bath. (Reproduced with permission of 
Elsevier, Refs. [48,49].) 
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4.5.1. Ultrasound-assisted leaching versus conventional Soxhlet leaching 

Soxhlet leaching has been traditionally used as a reference for comparing the efficiency 

of methods based on other principles, including US, with a view to their validation by use 

in routine analyses. 

The most salient advantages of USAL over conventional Soxhlet leaching are 

as follows: 

(1) The cavitation phenomenon increases the polarity of the leachant, analytes and 
matrix. This increases the leaching efficiency, which is frequently similar to or greater 
than that provided by conventional Soxhlet leaching. 

(2) Unlike Soxhlet leaching, USAL allows the addition of a co-leachant or a solvent 
mixture to further change the polarity of the liquid phase. 

(3) The need for no high temperatures and pressures in USAL allows the use of mild 
operating conditions and enables the leaching of thermolabile analytes, which can be 
degraded by heat, or analytes prone to experiencing chemical transformations under 
the typical working conditions of Soxhlet leaching. 

(4) The operating time in USAL is always shorter than in Soxhlet-based official methods, 
where it ranges from 8 to 24 h. 

(5) The ability to fully automate the analytical process by coupling USAL with other steps 
is not shared by Soxhlet leaching, which cannot be coupled for unattended develop¬ 
ment of the analytical process. 

(6) Leachant consumption is dramatically lower in USAL (usually a few millilitres as com¬ 
pared to 100-150 ml in most Soxhlet methods). 

(7) The ability of water as leachant in USAL is of a high environmental interest; by con¬ 
trast, water is difficult to use in Soxhlet leaching owing to its high boiling point. 

(8) Moisture adjustment, which is very frequently required in Soxhlet leaching methods to 
ensure reproducible results, is unnecessary in USAL. 


P 



Figure 4.11. On-line coupling of USAL and GC for the determination of airborne 
organophosphate esters in fibre filters. AC — analytical column, GC — gas 
chromatograph, L — leachant, LC — leaching chamber, NPD — nitrogen-phosphorous 
detection system, P — pump, PL — propagating liquid, T — thermostat, UB — ultrasonic 
bath, V — six-port injection valve and W — waste. (Reproduced with permission of 
Elsevier, Ref. [50].) 
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On the other hand, USAL has the following disadvantages with respect to Soxhlet 
leaching: 

(1) In batch methods (DUSAL), which are most widely used, the solvent cannot be 
renewed during the process, so the leaching efficiency is dictated by the solid-liquid 
partitioning equilibrium. The need for filtering and rinsing after leaching lengthens the 
duration of this step, increases solvent consumption and also the risk of losses 
and (or) contamination of the leachate. 

(2) Ultrasound radiation produces free radicals in the solvent which can alter the chemi¬ 
cal composition of analytes and hence the analytical results. 


4.5.2. Ultrasound-assisted leaching versus supercritical fluid leaching 

The US-based technique surpasses SFE in the following respects: 

(1) The equipment needed is much simpler, so the overall cost of leaching is much lower. 
This can be of interest to routine laboratories with a limited budget, unable to afford 
a supercritical fluid extractor. 

(2) USAL allows leaching of a wide variety of compounds, whatever their polarity, as it 
can be used with any solvent. On the other hand, supercritical fluid leaching uses 
almost exclusively C0 2 as leachant (with or without a co-leachant as a modifier), 
which restricts its scope to non-polar or low-polar analytes. 

(3) The ability of USAL to operate under ambient conditions with respect to temperature 
and pressure ensures stability of thermolabile analytes. 

(4) USAL is usually more expeditious than supercritical fluid leaching. 

On the other hand, USAL falls short of supercritical fluid leaching in the following respects: 

(1) Unlike the solvents used for sonication in some applications (e.g. cyclohexane, 
tetrahydrofuran and binary mixtures such as that of dichloromethane and acetone), 
supercritical C0 2 is not environmentally hazardous. 

(2) The precision of SFE methods is similar to or slightly better than that of their 
US-assisted counterparts, especially when US baths are used. 

(3) Leachant removal after depressurization in supercritical-C0 2 leaching allows the 
leached species to be dissolved in a fairly low volume of appropriate solvent. 


4.5.3. Ultrasound-assisted leaching versus microwave-assisted leaching 

Ultrasound-assisted leaching provides several interesting advantages over MAE, namely: 

(1) Ultrasound-assisted methods are normally faster than those assisted by microwaves. 

(2) The ultrasonic procedure is safer as it does not require high pressures or temperatures. 

(3) In many cases, the whole procedure is simpler as it involves fewer operations and is 
thus less prone to contamination. 

(4) Unlike many microwave-assisted leaching methods, USAL requires no moisture 
adjustment. 
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On the other hand, USAL is subject to the following shortcomings relative to 
microwave-assisted leaching: 

(1) Particle size has a decisive influence on the USAL efficiency. 

(2) Ultrasound-assisted methods are usually less robust than microwave-assisted ones 
because, as noted by Cencic-Kobda and Marcel [51], ageing of the US probe surface 
can alter the leaching efficiency 


4.6. APPLICATIONS OF USAL 

USAL for sample pretreatment is being increasingly used in analytical laboratories all over 
the world. This section discusses the principal applications developed ever since the 
inception of US energy for sample leaching in the analytical laboratory. Only the most 
salient aspects are reviewed here in order to provide readers with a global picture of the 
potential of this auxiliary energy for leaching. Interested readers can delve deeper into 
specific aspects of each application in the corresponding references. A few special 
applications involving US assistance energy to other leaching techniques (particularly 
Soxhlet extraction and SFE) are also briefly discussed. 


4.6.1. Discrete ultrasound-assisted leaching 

This section discusses various applications of discrete ultrasonic leaching that are 
classified according to the nature of the leached species (inorganic, organometallic or 
organic) without regard to whether a bath or a probe was used. 


Ultrasound-assisted leaching of inorganic species 

Most of the applications of DUSAL to inorganic species involve the removal of metal 
elements from different types of matrices. The quantitative determination of metals at low 
concentration levels is one of the most frequent current tasks for routine analytical 
laboratories owing to their toxic effects on plants, animals and humans. One difference in 
toxicity between inorganic and organic species is that metals cannot be degraded, so they 
tend to accumulate in matrices such as sediments, soils, plants or animals, where they 
can produce even more toxic products such as organometals. Classical digestion 
procedures (e.g. dry ashing and wet digestion) and microwave-assisted digestion in either 
open vessels or closed systems are the most popular sample preparation modes prior to 
determining metals in solid samples. As noted in Chapter 3, these methods are subject to 
serious constraints. The use of slurries is one reliable alternative as it avoids the need for 
digestion and sample decomposition as a result. In addition, it dramatically reduces 
sample preparation times and costs, and minimizes sample contamination. However, this 
sample pretreatment frequently involves labour-intensive and time-consuming 
freeze-drying operations and the use of surfactants to maintain slurry stability. The latter 
can cause problems with some detection systems (e.g. in the determination of metals in 
onion [52] using total reflection X-ray fluorescence, where the surfactants exhibit X-ray 
self-absorption). 
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Alternative sample pretreatments have been developed to avoid the previous 
shortcomings. Some procedures based on the leaching of elements using diluted acids 
and (or) oxidants seem to be effective. These procedures are known as acid leaching, and 
they involve solubilization of metals in the leachant without causing sample matrix to 
decompose. Because organic matter need not be destroyed, a low acid concentration 
suffices; this reduces acid consumption, the production of nitrous vapours when nitric 
acid is used and pretreatment times (by effect of the need for no cooling) [53,54]. In this 
context, USAL has proved effective for the quantitative removal of a number of heavy 
metals from environmental, industrial and biological samples, and hence a useful 
alternative to drastic preparation procedures requiring concentrated acids and high 
temperatures and (or) pressures. One crucial advantage of USAL is that diminished matrix 
effects can be expected as a result of the analytes being isolated from non-leachable and 
potentially interfering matrix concomitants [55]. In addition, US energy provides leaching 
with significant advantages such as: (a) an increased throughput relative to classical 
leaching procedures; (b) greater simplicity; and, (c) avoidance of chemical emissions to 
the atmosphere, which helps comply with current policies for reducing environmental 
contamination [20]. 

Human activities often mobilize and redistribute natural compounds in the environment 
to an extent that they can cause adverse effects. Much attention has been paid to the 
determination of trace of pollutant elements on account of their significant effect on the 
environment. The potential of USAL has been put into use in environmental element 
analysis. Thus, the US leaching of cadmium from coals and pyrolysed oil shale prior to 
ETAAS [56] resulted in a twofold increase in precision, better detection limits and 
decreased background absorbance in relation to total digestion. Cadmium has also been 
successfully leached with US assistance from ash samples with subsequent flow-injection 
cold-vapour atomic absorption spectrometry [57]. Additional examples include the leach¬ 
ing of germanium from soils with an ultrasonic probe in 10 min [58] or that of lead from 
coal in 60 s [59]. 

In addition to the earlier examples, where only one element per sample was determined, 
ultrasonic extraction has proved effective as a prior step in the multi-element determination 
of heavy metals. One case in point is the study of Ashley et al., who developed various 
strategies employing ultrasonic leaching for sample preparation [60]. Dilute acids have 
been used for the USAL of a large number of metals from dusts and air filters, both in the 
laboratory and using field-portable equipment. The speciation analysis of various inorganic 
forms of a metallic element (namely, pentavalent and tervalent antimony) as citrate 
complexes from airborne particulate matter was facilitated by USAL [61]; the stability of 
the complexes in water prevented tervalent antimony from being oxidized to pentavalent 
antimony during leaching and alleviated the adsorption of antimony compounds on the 
sample surface. Another example of interest is a method for the USAL of Cr, Cu, Pb and 
Zn from sludge. A multivariate optimization study was performed using diluted acid as 
leachant for two main purposes, namely: to avoid risks associated with the use of 
pressurized digesters and reduce the treatment time [62]. 

Concerning the types of matrices from which the target analytes are removed, a large 
number of methods for the USAL of metals from soils, sediments and sewage sludge 
have exposed the significance of the sample preparation step in the environmental field. 
These samples are complex and possess physical, chemical and biological characteristics 
that vary with time and space. Metal accumulation in soils, sediments and sludge poses 
environmental risks through potential metal transfer to aquatic media or uptake by plants, 
which introduces the metals in the food chain. Examples of the use of USAL as a sample 
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preparation method for single-element analysis include the leaching of mercury from soils 
and sediments using diluted HN0 3 as leachant in the presence of KCI to improve the 
leaching efficiency by increasing the ionic strength and facilitating the formation of stable 
mercury halide compounds [63]; that of lead from reference sediment materials leached 
in only 20 s with an ultrasonic probe [64]; and the removal of radiochemical metals such as 
210 Po and other natural radionuclides from soil and sediments [65]. In multi-element analy¬ 
sis, USAL has been used for the leaching of copper, lead and zinc from Syrian soils at low 
temperatures [66]; and that of cadmium, copper, lead, zinc, chromium, manganese and 
nickel from sewage sludge [24], where heating at 90°C was required for optimal leaching. 

The total concentration of metals is not a measure of its toxicity; in fact, this depends 
on the bioavailability of the metal to plants or other organisms, which is determined 
mainly by its solubility. Therefore, in order to reliably estimate the bioavailability of metals 
and their toxicity one must determine not only its total concentration but also those of its 
different chemical forms or ways, whether free or bound to a solid matrix [67]. A number 
of existing sequential and single leaching procedures to assess the metal availability in 
soils are time consuming as they involve mechanical shaking for long times [68,69]. 
Sequential leaching is effective for the determination of various chemical forms of 
heavy metals. Various sequential leaching schemes have been developed to establish 
metal distribution in different fractions that include the widely used Tessier sequential 
leaching scheme [70] and the more recent scheme proposed by the Standards, 
Measurement and Testing Programme (SM&T) [71]. The fractions include exchange¬ 
able species and those associated with carbonates, Fe-Mn oxides (reducible), organic 
matter and sulphides (oxidizable) and residual fraction. Notwithstanding their shortcom¬ 
ings (e.g. re-adsorption between phases during leaching, poor reagent selectivity, a 
strong dependence of the leaching efficiency on the operating conditions and difficulty 
in comparing results from different methods), sequential methods have been widely 
accepted for metal fractionation in various types of samples with a view to determine 
the mobility and potential bioavailability of metals in the environment [72]. However, 
sequential leaching methods are labour intensive and time consuming, so they are 
scarcely used in routine analyses. Some authors have succeeded in reducing the 
lengthy treatment times involved by replacing the conventional procedures with others 
assisted by auxiliary energies such as microwaves [73,74] or US [75-78]. One of the 
main differences between these energies is bulk heat, which is produced by 
microwaves but not by US. Therefore, US affords more expeditious leaching than 
conventional methods and without significant bulk heating. Perez-Cid et at. compared 
conventional and US-accelerated Tessier sequential leaching schemes for metal frac¬ 
tionation in sewage sludge and concluded that the most mobilizable fractions could be 
accurately determined by using the sonication procedure; Cr and Pb were largely asso¬ 
ciated with the oxidizable (last step) and residual (final residue) fractions, so they should 
exhibit a low mobility [77]. 

Single leaching methods involve replacing a sequential stepwise procedure with a 
single leaching step using the same reagents and operating conditions as the sequential 
procedure but a separate portion of sample for each reagent [79]. In this way, single 
leaching allows the leachable metal content to be more easily determined than with 
sequential methods, at the expense of using larger amounts of sample. This shortcoming 
can be circumvented by using small-scale single leaching. Filgueiras et al. compared the 
conventional method endorsed by SM&T in the presence and absence of US [68]. They 
found the assistance of US in substantially reducing sample and reagent consumption, and 
also in allowing all fractions to be simultaneously leached by using a separate sub-sample 
for each leachant. The leachable amounts of trace metals found were quite consistent. 
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The method was simple and expeditious, and uses sample and reagents sparingly, so it 
can be very useful when rapid assessment of metal mobility is required. 

The determination of metals in biological tissues is of great interest on account of the 
toxic effects of many of them on humans. This has increased the need to establish a safe 
concentration range for each metal and elucidate its role in the food chain. Preparing 
biological samples is made difficult by the encapsulation of metals within cell walls, which 
can be disrupted by the combined effect of a dilute acid attack and ultrasonication in order 
to bring the metals into the leachant. The increasing use of soil fertilizers to boost agri¬ 
cultural production has raised the need to determine macroelements and microelements 
in plant and leaf tissues in order to optimize application conditions. The current need for 
new fast methods of analysis requires the development of simple, fast and quantitative 
sample preparation procedures for routine use in agronomical studies. USAL is especially 
useful for this purpose, as shown in the removal of metals from onion with results similar 
to those provided by classical methods based on wet digestion and dry ashing [52], albeit 
in a more simple and expeditious manner, and with reduced chemical consumption. Also, 
the USAL of Ca, Mg, Mn and Zn from vegetables such as lettuce, cabbage and spinach 
in an ultrasonic bath avoids the hazard and problematic handling involved in some wet 
digestion methods [21]. 

Plants can accumulate metals in, or on, their tissues by virtue of their ability to adapt 
to various chemical effects of the environment. Thus, plants are intermediate reservoirs 
for trace elements from the lithosphere, hydrosphere or atmosphere. For this reason, 
plants are often used as bio-indicators of pollution related to heavy metals in the environ¬ 
ment via their bio-accumulative properties. Lichens and mosses, which rely on the 
surface absorption of nutrients, have been widely used in biomonitoring surveys [80,81]. 
As a result, the number of environmental samples subjected to analysis within the 
framework of routine monitoring or risk and sustainability assessment studies is growing 
continuously [82]. Variations in concentration of metals in plants can reflect changes in 
concentration of the metals in soil [83,84]. Moreover, the ability of plants to accumulate 
and concentrate heavy metals is responsible for the spreading of these elements in the 
food chain. USAL has been used as an alternative to sample digestion for the removal of Mg, 
Mn and Zn from various plant materials, using diluted HCI [33], and also for the leaching of 
trace and major elements from spruce needle samples [85]. In addition, USAL has been 
applied to various trace metals in tea and tobacco leaves that were subsequently 
quantified by ICP-AES [31], and to the determination of total arsenic and total inorganic 
arsenic in seaweed after high-temperature USAL with methanol in order to remove 
organometallic compounds. After leaching, total arsenic was quantified by ETAAS and 
inorganic arsenic by hydride generation atomic absorption spectrometry (HG-AAS). 
No alteration of analytes by US was found in two CRMs [23]. 

Similar to plants, animals can also be used as bio-indicators. Thus, the analyses of 
aquatic organisms have been increasingly used to obtain direct measures of abundance 
and availability of metals in the environment. Mussels can accumulate metals and thus 
be used to estimate pollutant levels in the environment. Cadmium and lead have been 
leached from mussels by using dilute nitric acid under US assistance [86]. Leaching was 
carried out in autosampler cups in order to minimize sample manipulation. 

The determination of trace elements in foods is very important as some minerals are 
toxic whereas others are essential for vital processes in humans. In fact, the knowledge 
of the relationship between the mineral content in the diet and some diseases such as 
hypertension or osteoporosis has increased the interest in the mineral content — or the 
presence of metals, if toxic — in food. USAL has proved an effective choice for removing 
metals such as Pb, Cd, Cu and Ca from meat [20], chloride salts from various types of 
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meat products [87], Cd and Pb from food samples such as vegetables, pig kidney and fish [5] 
or major and trace elements from fats [88] and edible seaweeds [89]. 

In addition to its usefulness for environmental samples, USAL is a powerful tool for 
leaching metals from hygiene samples at workplaces [90]. One case in point is that of 
filters of various materials used to collect aerosol particulates. Such filters are frequently 
extracted with US assistance, as in the determination of Cr(VI) in welding fumes, whereas 
polycarbonate membrane filters were used to collect the aerosols for subsequent leaching 
in an ultrasonic bath [25]. 

USAL has also been used in the determination of trace impurities in high-purity 
materials. This type of analysis is mandatory with a view to controlling their quality 
and studying the synergistic action of, and correlation with, impurities. The accuracy and 
precision of the analytical results depend strongly on the particular separation procedure 
used before the determination step, as shown in the multi-element quantitative USAL of 
impurities such as iron, copper, lead and bismuth in high-purity silver metal. For this 
purpose, a silver sample was dissolved in nitric acid and treated with chloride, after which 
the solution was evaporated to dryness and the impurities were redistributed on the 
surfaces or in the interstitial spaces of agglomerates of matrix crystals. Then, the impuri¬ 
ties were leached into 0.1 M nitric acid with the aid of ultrasonic irradiation [91]. 

The use of US energy for ore leaching has become increasingly popular in hydromet¬ 
allurgy. Ultrasound assistance to classical methods has enabled the fast [92,93] and 
selective [94] removal of metals in this field. One case in point is silver, which can be 
leached almost completely from the solid waste of a silver ore beneficiating plant by using 
a USAL method involving thiourea [95], and so is the leaching of Ti0 2 from red mud with 
sulphuric acid and the aid of ultrasonic energy, which causes particle rupture and 
increases the surface area available for leaching. Ultrasound increased the efficiency of 
leaching by 20% relative to identical conditions in its absence [96]. 


Ultrasound-assisted leaching of organometallic compounds 

The analysis of organometallic compounds is of great interest from different points of view. 
Environmentally, these compounds are released into the atmosphere from anthropogenic 
sources or by species, the metabolism or transport mechanisms of which involve the for¬ 
mation of metal-carbon bonds via natural processes. Also, there is an increasing interest 
in the determination of metalloporphyrins, particularly in energy-related materials such as 
crude oils and gasoline. Finally, the monitoring of metal-containing drug metabolites and 
the study of the behaviour of metal proteins in humans have opened up new avenues for 
the application of USAL to clinical studies. 

The key step in the analysis of organometallic compounds is sample preparation; specif¬ 
ically, their isolation from the matrix is very complex as the analytes must be separated with 
no loss, conversion between species or contamination and with minimal interferences. 
These compounds have been traditionally leached by mechanical stirring using a suitable 
leachant (e.g. relatively concentrated solutions of acetic, hydrochloric or hydrobromic 
acids in water or methanol). However, the use of pressurized solvents at high tempera¬ 
tures, microwaves or sonication has been proposed to reduce the leaching time [97]. 
The use of US to assist leaching is especially interesting here as it does not require high 
temperatures or pressures, and uses mild operating conditions. Degradation phenomena 
during application of high temperatures and pressures or microwaves can pose problems 
with some pollutants. The operating conditions and leachants that can be used for 
speciation analyses of organometallic compounds are restricted to those which preserve 
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the stability of all species. One example is the speciation of mobilizable arsenic — As(lll), 
As(V), monomethylarsonic acid and dimethylarsinic acid — in river sediments, where 
leaching was carried out with water and phosphate buffer (pH 5.5-6.5) in two consecutive 
steps (corresponding to the soluble and exchangeable fractions) under probe sonication 
at 30% of the radiation amplitude for 1 min [98]. 

The determination of phenyltin species, which are quite stable under the anaerobic 
conditions prevailing in sediments, is also of great interest; so much so that the 
European Community has included triphenyltin (TPhT) on its list of priority pollutants. 
Analytical surveys of TPhT in sediments, and the monitoring of potential environ¬ 
mental degradation to less toxic species such as di- and monophenyltin (DPhT and 
MPhT, respectively) calls for rapid soft sample preparation procedures preserving the 
stability of this compound during analysis. Sonication of sediment samples in glacial 
acetic acid for a short time (4-10 min) allowed the simultaneous determination of 
phenyl and buthyltin species with efficiencies between 70 and 90% for phenyl 
compounds. The stability of TPhT in acetic acid decreases with increasing temperature, 
so any sample-leaching procedure using an acid medium in combination with high 
temperatures is unsuitable for the speciation of TPhT or any other phenyltin compound 
in sediments [99]. 

The determination of methylmercury in biological certified reference materials such as 
dogfish liver or tuna fish was accomplished following USAL with nonane in the presence 
of tetraethylborate for in situ derivatization [100]. In this way, methylmercury was leached 
with an efficiency higher than 90% and without artifact formation of methylmercury 
during sample preparation. Compared to classical methods such as acid and alkaline 
digestion or distillation, USAL dramatically shortens the sample preparation procedure 
and reduces sources of error as a result. Microwave-assisted leaching also shortens 
analysis times, from hours to a few minutes; however, it requires careful optimization of 
the operating conditions. Degradation of methylmercury to inorganic mercury and losses 
by evaporation as elemental mercury have been observed following acid leaching of biolog¬ 
ical materials subjected to microwaves [101]. In addition, the equipment required may 
increase the cost of analyses. The main shortcoming of the previous USAL method for 
the determination of methylmercury [100] is that it cannot be used with inorganic mercury. 
Rio-Segade et al. developed a method that allows the separation of inorganic mercury 
and methylmercury in fish tissues in a short time without the need for chromatographic 
separation. For this purpose, USAL was combined with flow injection-cold vapour gener¬ 
ation atomic absorption spectrometric determination of both mercury species, the sepa¬ 
ration of which was based on their disparate leachability in hydrochloric acid under US 
treatment [102]. Methylmercury was separately determined using sodium tetrahydroborate 
as reducing agent after selective leaching with 2 M hydrochloric acid, while inorganic 
mercury was determined by selective reduction with stannous chloride in 5 M hydrochloric 
acid in leachates containing both mercury species. 

Ultrasound energy has also been used to accelerate the leaching of metal proteins 
(particularly metallothionein-isoforms and superoxide dismutase from liver samples) 
[103]. One of the main problems encountered in analysing these samples (namely, the 
need to preserve the species stability during leaching) is circumvented by USAL. 


Ultrasound-assisted leaching of organic compounds 

In addition to its high efficiency for dissolving metals from a wide variety of samples, US 
is also used for its ability to leach organics from various types of matrices. The wide range 
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of organic compounds that can be encountered precludes the establishment of standard 
conditions for efficient USAL, so different solvents and conditions are required depending 
on the particular target compounds. The risk of some organic compounds being altered 
by the radicals generated by solvent sonolysis must always be borne in mind. An optimiza¬ 
tion study based on a multivariate approach is the best method for avoiding or minimizing 
alterations during USAL. 

Ultrasonic leaching of organic compounds has been used in virtually all fields, which 
testifies to its versatility. In the environmental field, USAL has proved effective for the 
removal of organic pollutants from various types of samples. One of the principal groups 
of organic pollutants is that of PAHs, which are widely distributed in the environment. 
These pollutants result from incomplete combustion of fossil fuels, as well as from 
diagenetic processes during fossil fuel formation and, in smaller amounts, from forest fires 
and, possibly, microbiological synthetic processes. Some PAHs possess carcinogenic 
and (or) mutagenic properties, and are included on the US Environmental Protection 
Agency and European Community lists of priority pollutants. The solids usually leached 
with the aid of US for the subsequent determination of these compounds are mainly soils 
and sediments [30,36,104-108], sewage sludge [109], and particulate matter [110,111], 
and also, to a lesser extent, food [112], vegetables [113,114], aerosols [115] and coal 
[116], among others. In addition to official methods for the isolation of PAHs from diverse 
matrices, USAL is widely used as a reference for checking the efficiency of alternative 
techniques such as MAE or SFE. Also, USAL has been compared in terms of perform¬ 
ance with other leaching techniques. For instance, it was compared with MAE for the 
leaching of PAHs from sediments; although both techniques proved similarly efficient, the 
precision, expressed as the average relative standard deviation, was considerably higher 
in USAL [107]. Another comparison involved subjecting various samples to conventional 
Soxhlet extraction and pressurized liquid extraction (PLE) for the leaching of PAHs from 
sediments and mussels [106]; USAL was found to leach all analytes more efficiently and 
reproducibly from sediments than did Soxhlet and PLE. On the other hand, ultrasonication 
of mussel samples was similarly efficient to the other two techniques. One shortcoming 
of PLE was that the leachates were dirtier and required clean-up by alkaline digestion and 
SPE using alumina, which complicated the overall process. 

Ultrasonic leaching is not always the best choice for PAHs leaching. Such is the case 
with their leaching from wooden sleepers and coal tar [117], where Soxhlet leaching was 
more efficient than USAL. The duration of the Soxhlet and ultrasonic leaching procedures 
was similar (24 h). This can be ascribed to the USAL method being used not under 
optimal conditions (i.e. to a decoupling effect) as most methods for US-assisted PAHs 
leaching provide significant improvements over their conventional and non-conventional 
counterparts. 

The ability with which PAHs can be removed depends largely on the particular congener. 
Usually, the leaching efficiency for a given PAH is inversely proportional to the number of 
rings it possesses, so obtaining results comparable with those provided by other leaching 
techniques entails carefully adjusting the operational variables to the specific target 
analytes [118]. 

Polychlorinated biphenyls (PCBs) are also frequently included in pollutant monitoring 
programmes owing to their substantial persistence and accumulation in the environment. 
This has raised the need to develop methods for their routine analysis. USAL as a sample 
preparation method is an effective choice for the fast, efficient and straightforward 
removal of these compounds, as shown by the method for the determination of 146 PCBs 
in heron eggs [119], where ultrasonic leaching resulted in improved precision, efficiency 
and reliability under the operational conditions proposed. USAL was used prior to the 
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determination of PCBs in food in the analyses that followed the Belgian 1999 dioxin in 
food crisis [120]; fat was extracted by USAL and fractionated by matrix solid-phase dis¬ 
persion prior to GC-ECD analysis. Concerning environmental samples, USAL has been 
used to leach PCBs from environmental waste [121], charcoal [122] and fly ash [123]. 

Pesticides are another major group of pollutants for which USAL is effective. These 
compounds can be decomposed or degraded by the action of sunlight, water, chemical 
agents or microorganisms such as bacteria when released into the environment. 
Degradation usually leads to the formation of less harmful breakdown products which, 
however, can generate even more toxic products under specific environmental conditions. 
Also, degradation-resistant pesticides remain in the environment over long periods [124]. 
The varied behaviour of these compounds makes it crucial to choose an appropriate 
method for their removal from solid samples for subsequent analysis. Traditional methods 
such as shake-flask and Soxhlet extraction are very time- and solvent-consuming for use 
to isolate pesticides; also, they occasionally require too high temperatures or provide very 
low efficiency for this purpose. A number of MAE, SFE, ASE (accelerated solvent extraction) 
and USAL methods have been developed in order to overcome these drawbacks that 
additionally reduce both solvent consumption and leaching time. MAE, SFE and ASE are 
unsuitable for thermolabile analytes; also, ASE and SFE use relatively expensive equipment 
and SFE cannot handle large sample amounts or provide high efficiencies for polar 
pesticides. USAL is quite flexible as it is not subjected to any restriction in the type of 
extractant (pure or mixed) that can be used for maximal efficiency and selectivity. In addition, 
USAL can be performed at ambient temperature and pressure [125]. Recently, there have 
been some attempts at using solid-phase microextraction (SPME) for the determination 
of pesticides in solid samples with advantages such as simplicity in sample handling, 
reductions in sample size and solvent volume, and no need for any additional clean-up 
procedures. The limited number of methods of this type reported so far can be ascribed 
to restrictions in fibre stability, analyte release or volatility. 

Regarding matrix types, soil is the main environmental reservoir of pesticides, and con¬ 
stitutes a source from which these compounds and their metabolites can be released into 
the atmosphere, ground water or living organisms [126]. A number of methods for pesticide 
analysis in soils use ultrasonic energy to assist the isolation of the analytes [127-144]. 
Typical examples include the leaching of multi-residue carbamate pesticides in small 
polypropylene columns using low volumes of methanol (5 ml) [136]; that of antifouling 
pesticides from sediments, also with methanol [127]; or that of the fungicides vinclozolin 
and dicloran from soils [130]. In the last case, USAL was followed by a clean-up/ 
concentration step by SPE in order to remove interferents and bring the concentrations of 
the trace analytes within the linear determination range. Examples of the USAL of pesticides 
from food include that of honey [129] with better efficiencies (92% for atrazine and 94% 
for simazine) than the traditional shake-flask method; that of herbicides and insecticides 
belonging to different chemical groups from tomato crops [134]; the simultaneous 
leaching of pyrethroid, organophosphate and organochlorine pesticides from fish tissue 
using 90:10 (v/v) acetonitrile-methanol [141]; and that of fumigant residues from wheat 
with significantly decreased leaching times relative to classical leaching with or without 
heating [138]. 

Not only PAHs, pesticides and PCBs, but also other pollutants have been isolated 
with excellent results by USAL. One case in point is the leaching of total organic 
pollutants from particulate samples [145] by using a direct ultrasonic leacher, where the 
transducer was bonded directly to the bottom of the sample vessel (see Fig. 2.6A). 
The ultrasonic piezoelectric transducer was used at two different power settings (25 and 
50 W). The transducer was tightly attached to the glass sample vessel and a condenser 
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was connected to avoid evaporation losses. After complete removal, the leachate was 
delivered through a valve at the bottom of the vessel. The performance of this ultrasonic 
system was compared with that of conventional Soxhlet extraction and the US-assisted 
leacher was found to be an effective choice for the leaching of particulate organic matter 
from airborne particulate. The main advantages of this method over Soxhlet extraction 
included significantly shortened leaching times (15 min versus 12 h) and dramatically 
reduced leachant volumes. Also, the USAL method was slightly more efficient and is not 
affected by moisture. The leacher can be assembled from readily available parts 
(viz. glassware, a high-frequency generator and a transducer). 

Also of interest in this context are the leaching of explosives such as centralite from 
building materials [146]; plasticizers — some of which have been classified as endocrine 
disrupters by the European Union — from sediments [147] and plastics [148]; veterinary 
antibiotics from soils [149]; nitroaromatics from soils [150]; oestrogens and progestrogens 
in river sediments [151]; chemical warfare agents such as sarin and hydrolysis products 
from soil [152]; and alkylphenols from atmospheric samples [153] or surfactants from river 
sediments [154]. 

The low temperatures at which USAL can be performed make it a powerful tool for 
leaching natural products such as hemicellulose components and lignin from vegetable 
materials (seeds, fruits or leaves) [155,156]; active principles or oils [3]; saponins [157]; 
steroids and triterpenoids [158]; isoflavones [159]; volatile compounds [160]; carvone and 
limonene [161]; vitamin E isomers [162] or antioxidants [163]. Operating at ambient tem¬ 
peratures avoids thermal damage to leached species and the loss of volatile components; 
this makes USAL very useful for the isolation of natural compounds with pharmacological 
properties from plants. Similar to the leaching of metals from biological samples, the 
combined effect of dilute acid attack and ultrasonication breaks down cell walls, thus 
making this type of energy highly effective for disrupting cells. 

USAL has also been used as a sample treatment in the analysis of foods and related 
products. For this purpose, similar to the removal of natural products from plants, US 
application to the leaching of organic compounds must be carefully evaluated because, 
during sonication, transient species such as radicals and the conditions produced by 
acoustic cavitation can result in undesirable oxidative changes in the isolated compounds. 
Typical applications include the leaching of lipids from marine mucilage samples (also with 
environmental connotations) [164]; tartaric and malic acids from grapes and by-products of 
winemaking [165]; date syrup from date fruits [166]; polyphenols from apple tissues [167]; 
and policosanol from rice [168]. 

Finally, USAL has been recommended as an excellent choice in clinical and drugs 
analysis for the removal of retinamide (an anticarcinogenic agent) from tissues [169]; DNA 
from animal bones [170]; tramadol from pharmaceutical formulations [171]; veterinary drug 
residues from animal tissues [172]; and anabolic steroids from hair [173]. Industrial 
applications of USAL in this context include the isolation of terpenoid aldehydes from 
cotton [174] and additives from poly(ethylene) [175], which are used to provide required 
properties to plastics during manufacturing and utilization, and therefore influence both 
the processing and durability of the end-products. Leaching poly(olefin) additives within a 
reasonable time is rather difficult because they tend to degrade upon heating. Thus, an 
increase in temperature can cause the polymer to undergo a transition from the glassy to 
the rubbery form at the glass transition temperature. The USAL of additives from polymers 
provides fast, quantitative recovery with no appreciable degradation or the need for addi¬ 
tional evaporation of the solvent or re-dissolution of the additive. The structure of the 
target additives affects the extraction kinetics, which entails careful selection of both 
the extraction temperature and time. 
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4.6.2. Continuous ultrasound-assisted leaching 

CUSAL has developed to a much lesser extent than batch USAL despite its outstanding 
advantages (see Section 4.3.2.). In any case, CUSAL has been applied to a variety of 
analytes in highly diverse matrices. The first two applications of CUSAL involved inorganic 
analytes (namely, iron from plant material and boron from soil [38,39]). In the former, for¬ 
mation of the well-known complex between the analyte and 1,10-phenanthroline provided 
results consistent with those of the conventional method based on AAS following hot-acid 
leaching. In the determination of boron in soil, the leaching time was reduced from 40 to 
5 min by applying ultrasonic irradiation while the leachant was circulated through the solid 
(see Fig. 4.7). The temperature was found to have a crucial influence on the leaching step. 
Thus, the analytical signal for the leached analyte after derivatization increased by almost 
50% on increasing the leaching temperature from 40 to 80°C. Clearly, higher tempera¬ 
tures favour dissolution of boron and increase the efficiency of US. The latter effect can 
be easily understood by considering that the distance between molecules in both solids 
and liquids increases with increasing temperature, thereby decreasing attenuation of 
ultrasonic irradiation and strengthening its effect at the interface between the circulating 
liquid and the static sample [176]. More recently, CUSAL has also been used for the deter¬ 
mination of hexavalent chromium in soil [10]. The target analyte was leached in a much 
shorter time than that required by the reference EPA method 3060A. Also, the CUSAL 
method provided similar results while avoiding time-consuming manual operations and 
facilitating coupling to a preconcentration step in order to reduce the detection limit. 
The leaching of cadmium and lead in plants prior to electrothermal atomic absorption 
spectrometry reduced the extraction time by a factor of 3 and 10 relative to microwave- 
assisted and dynamic superheated water leaching, respectively [17]. Also, macro- and 
micronutrient metal elements were leached from animal feeds in a shorter time than that 
required by the reference AOAC Method 968.08 (18 min versus 4.5 h) with similar results 
but greater procedural simplicity as a consequence of the shorter number of operations 
involved [34]. The CUSAL of various metals from mussels and meat was compared with 
DUSAL and the sonication time found to be reduced by factors of 6-12 for mussels and 
60 for meat [26,41-46]. 

In addition to metals, CUSAL has proved efficient for organics. Thus, nitropolycyclic 
aromatic hydrocarbons were extracted from natural contaminated soil with similar 
efficiency to that provided by the reference EPA method 3540 based on Soxhlet leaching 
but with dramatically reduced leaching times (10 min versus 24 h) and leachant volumes 
(less than 10 ml versus 100 ml) [16]. Also, A/-methylcarbamates in soil and food were 
leached without any degradation of the target compounds and efficiencies higher than 
those provided by alternative techniques such as SFE or PLE and found to require longer 
leaching times and provide poorer efficiencies owing to the need to use mild conditions in 
order to preserve the structural integrity of the pesticides [49]. Phenoxyacid herbicides in 
soil and sediment were removed with excellent results by using water as leachant and 
EDTA as co-leachant, which is of special environmental importance [6]. On the other 
hand, the USAL of dithiocarbamate pesticides from solid formulations using chloroform 
as leachant is not recommended because the analytes are partially destroyed by the 
action of some radicals formed through sonolysis of the solvent [47]. However, this 
conclusion is limited to this particular solvent. 

Concerning natural products, the leaching of phenolic compounds from alperujo 
(a residue generated in olive oil production) and strawberries [7,37] are two excellent 
examples of the capabilities of CUSAL. The latter application showed that, although 
these compounds are easily degraded and especially sensitive to temperature, the use of 
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appropriate operating conditions avoids degradation during CUSAL and the antioxidant 
capacity of the analytes to be preserved. The continuous ultrasonic leaching of nicotine 
from tobacco in a closed-flow system for 2 min coupled on-line with FTIR determination 
[40] constitutes an excellent example of both the efficacy of CUSAL and its availability for 
on-line coupling to other analytical steps. 

Finally the food industry has also taken advantage of CUSAL as in the case of the 
removal of fat from bakery products [22]. The ability of this technique to isolate the 
target analytes without degradation under optimal conditions allows the leachates to be 
used for the determination of trans- fatty acids after derivatization to esters [32]. GC-MS 
and MIRS (mid infrared spectrometry) with the aid of chemometrics were used to com¬ 
pare the leachates provided by CUSAL and the Folch method (a soft but time-consuming 
reference leaching method with which the absence of degradation in leached compounds 
has been extensively demonstrated) and no significant difference between the two was 
observed. 


4.6.3. Ultrasound assistance to other leaching techniques 

This section deals with those cases in which US has been used to help other leaching 
techniques — particularly Soxhlet and SFE — in order to improve their performance. 

Soxhlet leaching has been the most widely used technique over the years for isolating 
a variety of analytes from all types of samples. However, new leaching techniques that 
overcome the drawbacks associated with Soxhlet extraction constitute one of the most 
active research lines in solid sample preparation at present. The most serious shortcomings 
of Soxhlet leaching are the long time required for leaching, the large amounts of organic 
solvent waste produced and the inability to automate the process. A variety of devices 
intended to circumvent these shortcomings while retaining the favourable characteristics 
of Soxhlet extraction have been developed, most of which use microwaves as auxiliary 
energy to accelerate leaching [176]. Thus, Luque-Garcia et al. recently reported a Soxhlet 
leacher assisted by US energy for the leaching of total fat from oil seeds such as 
sunflower, rape and soyabean [177]. The leacher, which is depicted in Fig. 4.12, is based 
on the same principles as a conventional Soxhlet extractor, but has the Soxhlet chamber 
accommodated in a thermostatic bath through which US is applied by means of an 
ultrasonic probe. The application of US to the sample cartridge provides results similar to 
or even better than those obtained by conventional Soxhlet leaching (official ISO method); 
however, it enormously decreases the number of Soxhlet cycles needed for quantitative 
leaching, thereby reducing the leaching time to at least half that needed by conventional 
procedures. This approach constitutes a valuable choice for the extraction of easily 
compactable matrices such as seeds. 

Ultrasonic energy has also been employed to boost mass transfer in supercritical fluid 
leaching via small-scale agitation. An ultrasonic transducer with an operating working 
frequency of about 20 kHz was placed inside a supercritical fluid leacher as shown in 
Fig. 4.13A for this purpose. The US-SFE leacher has been used to leach oil from 
particulate almonds [178]; US application was found to reduce the leaching time by 30% 
and raise the efficiency by 20% relative to the same process under silent conditions. 
Figure 4.13B illustrates the effect of US on the efficiency of oil leaching from particulate 
almonds 3-4 mm in size. As can be seen, the initial part of the efficiency curve was 
identical with and without US application; this suggests that this stage is mainly controlled 
by the solubility of the solute in the leachant, while it seems clear that the following stage 
is mainly determined by mass transfer mechanisms, where US plays a key role. 
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Figure 4.12. Scheme of an ultrasound-assisted Soxhlet leacher. (Reproduced with 
permission of Elsevier, Ref. [177].) 


Electrokinetic remediation of soils contaminated by lead and phenanthrene has also 
been successfully enhanced by US. An increase in outflow, permeability and contaminant 
removal rate was observed in US-assisted electrokinetic tests that testifies to the technical 
feasibility of in situ electrokinetic ultrasonic remediation [179]. 


4.7. ULTRASOUND-ASSISTED BIOLEACHING 

Bioleaching is the use of microorganisms to leach metals from sulphides and (or) iron- 
containing ores and mineral concentrates. Iron and sulphide are microbially oxidized to 
produce ferric iron and sulphuric acid, and these chemicals convert the insoluble sul¬ 
phides of metals such as copper, nickel and zinc to soluble metal sulphates that can be 
readily recovered from the solution. Even though the bioleaching process is very slow, it 
is not energy intensive. Among various physical stimuli for accelerating the process, US 
has proved effective for rapidly boosting the performance of living biocatalysts. Although 
sonication is generally associated with damage to cells by disruption, there is evidence for 
the beneficial effects of sonication on the ability to leach metals under catalysis by cells. 
Thus, the bioleaching of lateritic nickel ore is enhanced by the growth of Aspergillus niger 
under US [180,181]. Bioleaching using Aspergillus niger by conventional means leached 
60% of the copper from an oxidized mining residue, whereas ultrasonic pretreatment 
raised the leaching efficiency up to 80% [182]. 

Bioleaching has a number of advantages over chemical leaching, namely: 

(a) It allows the exploitation of low-grade ores and mineral resources located in remote 
areas, which would otherwise be expensive for the mining industry. 

(b) It is more environmentally friendly than conventional smelting as it uses less energy 
and does not produce any S0 2 emissions. 
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Figure 4.13. Scheme of a supercritical fluid teacher assisted by ultrasound (A). 
Supercritical leaching efficiency of oil from almond for a 3-4 mm particulate size with and 
without ultrasound assistance (B). (Reproduced with permission of Elsevier, Ref [178].) 
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(c) Less landscape occurs as the bacteria grow naturally. Native bacteria can operate 
over a wide temperature range (-20 to 55°C). Also, the bacteria can be recycled. 

(d) The bacteria are self-sustaining. 

(e) Bioleaching is a less energy-intensive process. 

(f) It is simpler and hence cheaper to operate and maintain, as skilled workers are not 
needed to operate complex chemical plants. 

However, bioleaching also has some disadvantages as the bacterial process is slower 
than conventional techniques, which may raise processing costs. Also, not all ore types 
are amenable to extraction and no available method exists as yet to stop the bacteria from 
extracting minerals once bioleaching has started. The application of ultrasound expands 
the advantages of leaching while avoiding or lessening its shortcomings to an acceptable 
level. Thus, US irradiation allows to: 

(a) stimulate microbes and facilitate rapid microbial growth; 

(b) accelerate metal extraction; 

(c) improve the metal leaching efficiency; 

(d) enhance the selectivity of the bioleaching process; 

(e) reduce the usual dependence of the bioleaching process on the origin of the ore; and 

(f) control bacterial activity by using ultrasonic intensities higher than the threshold 
values killing all or some of the microorganisms. 

In conclusion, sonobioleaching is an emerging technology providing the mining 
industry with the potential for more efficient leaching of metals from ores at significantly 
reduced costs, all with minimal environmental consequences and engineering operational 
problems. Future research should focus on the use of US for the bioleaching of organic 
analytes from various types of matrices and the development of analytical methods 
assisted by this technology [183]. 
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CHAPTER 5 

Ultrasound Assistance to Heterogeneous Systems 


5.1. INTRODUCTION 

The systems dealt with in this chapter can be classified according to the nature of the 
phases involved and the number of phases present before sonication: 

There are three types of US-assisted heterogeneous systems according to the nature 
of the phases involved, namely: (a) solid-liquid systems (e.g. slurry formation, solid-liquid 
filtration, sonophoresis, crystallization and solid-liquid agglomeration or aggregation); 
(b) gas-liquid systems, which encompass foaming-defoaming operations, nebulization 
(aerosolization and spraying or atomization) and degassing; and (c) solid-gas systems 
(e.g. solid-gas agglomeration and filtration). 

Depending on the number of phases present before US is applied, heterogeneous 
systems can be of two types, namely: (a) two-phase systems, which encompass slurry 
formation, solid-liquid and solid-gas agglomeration, solid-liquid and solid-gas filtration, 
sonophoresis, defoaming and degassing; and (b) one-phase systems, which include crys¬ 
tallization, foaming, nebulization (aerosolization and spraying or atomization). Group (a) 
can be further divided into solid-liquid systems (slurry formation, agglomeration and fil¬ 
tration), liquid-solid systems (sonophoresis), solid-gas systems (filtration), and gas-liquid 
systems (defoaming and degassing). On the other hand, group (b) can be split into 
several systems according to the nature of the second phase formed under US 
irradiation into solid-phase (crystallization) and gas-phase (atomization, foaming, nebu- 
lization-aerosolization and spraying or atomization) systems. 

This chapter initially deals with those solid-liquid systems in which the solid phase 
exists before US is applied, namely: slurry formation, agglomeration and filtration, which 
are followed by sonophoresis, a special type of liquid-solid filtration. Then, a system where 
formation of the second phase is favoured by US (crystallization) is discussed, and so are 
systems involving a gas phase into which a liquid phase is included (nebulization), or from 
which it is removed (defoaming and degassing) with the aid of US complete the chapter. 


5.2. ULTRASOUND-ASSISTED SLURRY FORMATION 

The use of slurry formation in analytical chemistry is virtually restricted to sample prepa¬ 
ration prior to insertion into atomizers — including ionization, if required — for subsequent 
atomic (or mass) detection. Slurries for this purpose are prepared by adding a liquid to a 
solid sample that is previously ground, sieved, weighed and placed in a container ensuring 
stability of the slurry during the time required to withdraw an aliquot for manual or auto¬ 
matic transfer to the measuring instrument. The amount of sample to be weighed depends 
on the analyte concentration, the final volume of slurry, and the sample homogeneity. 

Slurry formation is widely regarded as a sampling mode [1], which is incorrect as the 
sample exists as such before it is suspended in the liquid. In fact, as stated in the previ¬ 
ous paragraph, the sample is usually ground, sieved and weighed, so slurry formation is 
a sample preparation step rather than a sampling procedure. In any case, slurry forma¬ 
tion is highly reliable for automating the insertion of solid samples into atomic detectors. 



144 


Ultrasound Assistance to Heterogeneous Systems 


Slurries can be inserted into an atomic spectrometer by hand, via an autosampler or 
through a flow injection manifold. When autosampler cups are used to weigh the solid 
sample, the maximum volume of slurry that can be inserted is limited to the cup volume 
(about 2 ml), which in turn dictates the maximum amount of material that can be 
suspended. Once the solid sample and the liquid are brought into contact, the solid must 
distribute evenly in the volume of liquid. 

Slurry formation for sample preparation gained widespread acceptance over the 1990s 
as a means for dealing with various types of samples with practical advantages over alter¬ 
native procedures including the ability to use conventional liquid autosamplers, process 
several replicates in a single aliquot, handle increased amounts of sample and alter the 
slurry concentration. Additional assets include improved analytical performance as a result 
of the combined benefits of solid and liquid sampling and the ability to use liquid standards 
for direct calibration or standard-addition calibration. At present, isotopic dilution consti¬ 
tutes another effective calibration alternative with mass detectors. This choice dispenses 
with the need for effective extraction into the liquid phase and equilibration in spiked solid 
samples or sample slurries, except in the vapour phase of vaporization cells [2]. On the 
other hand, the large number of variables to be considered — which are often interrelated — 
complicate optimization of analytical processes involving slurry formation and usually 
require the use of chemometric approaches [3-6]. One especially critical variable is slurry 
stability, which can be improved by using stabilizing agents and an appropriate device to 
maintain particles in suspension. 

Low frequency, high energy, power ultrasound in the kHz range is typically used to 
assist slurry formation, so the mechanical and chemical effects of cavitation are signifi¬ 
cant. However, the overall effect of US is widely regarded as mere agitation [7] or, at most, 
as "dispersion" (the effect observed by Fuyi and Zuncheng by using a non-specified US 
device for 60 min [8]). In fact, the overall phenomenon is more complex and its nature 
depends mainly on the type of US device used, the time during which US is applied, the 
type of liquid phase involved, and the nature of the matrix and analyte(s). 


5.2.1. Types of devices for ultrasound-assisted slurry formation 

Most US-assisted slurry formation procedures use an ultrasonic cleaning bath and ordi¬ 
nary analytical glassware (e.g. a beaker vessel). Although energy in US baths is known to 
be uneven [9], the influence of the position on cavitational effect has never been studied 
or special recommendations in this respect to obtain better reproducibility have been 
made. Placing the vessel containing the solid-liquid system at random in the US bath or 
simultaneously processing up to 20 samples [10] can influence reproducibility to a 
variable extent dependent on the time US energy is applied to the system. 

The use of a US probe [11,12] or the sequential use of a US bath and a probe to assist 
slurry formation [11] is much less frequent. Treated slurries can be transferred to an 
autosampler or atomizer in various ways ranging from manual pipetting of aliquots to 
automated dynamic procedures. Once an aliquot has been transferred to an autosampler 
cup, it can be homogenized by manual shaking, vortexing, with a microprobe, an inert gas 
stream, etc. 

The earliest use of a small ultrasonic probe to prepare slurries from coal fly ash 
directly in the autosampler cups was reported by van Loenen and Weers [13]. They 
found ultrasonic stirring not to ensure slurry homogeneity during the time required for 
the autosampler to withdraw each sample aliquot unless the analyte was completely 
leached. 



Ultrasound Assistance to Heterogeneous Systems 


145 


A subsequent design by Carnrick et al. [14] was marketed by Perkin-Elmer under the 
trade name of USS-100 (from Ultrasonic Slurry Sampler). This sampler, out of the market 
at present, consisted of an ultrasonic probe, a power supply and control unit for the probe, 
a mounting system for direct attachment to Perkin-Elmer AS-60 or AS-70 furnace 
autosamplers and the connecting cabling and parts required for installation. The power 
and homogenization time used by the USS-100 were controlled by the same AA instru¬ 
ment software used for conventional operation of the autosampler, which also afforded 
automatic standard preparation and automatic matrix modification. During use, the USS-100 
probe and autosampler capillary are rinsed, and the latter is moved to a standby position. The 
probe is then inserted into the appropriate sample cup, where the sample is ultrasoni- 
cated for the user-specified time (typically 10-15 s). After mixing, the probe is rapidly 
removed from the cup, the autosampler capillary withdrawing an aliquot of the slurry from 
the cup for transfer to the furnace. The greatest shortcomings of the USS-100 were its high 
purchasing costs, its low homogenization efficiency — up to a maximum volume of 2 ml — 
and its incompatibility with HF as the probe was made of a Ti alloy. 

Hoenig and Cilissen reported a laboratory made automated device for attachment to 
any Varian SpectraAA system furnished with a graphite furnace and a programmable 
sampler dispenser [15]. 


5.2.2. Variables influencing ultrasound-assisted slurry formation 

Slurry formation is strongly affected by diverse physical and chemical variables including 
particle size, slurry concentration and the factors governing slurry stability. 


Particle size 

The particle size of the solid material used to prepare slurries can influence their stability, 
deposition and atomization efficiency, which in turn can affect accuracy and precision. 
Various types of solid-grinding devices including mixer mills, other ball mills, and bottle and 
bead mills have been used to prepare slurries. The appropriate particle size varies among 
materials depending on various parameters such as the homogeneity of the original mate¬ 
rial with respect to the analyte, the amount of sample used for analysis and the particular 
liquid phase employed. Particle size can also influence the slurry homogeneity through the 
rate of particle sedimentation and the amount of analyte transferred to the liquid phase. 
The presence of large particles in a slurry can pose problems arising from discrimination 
of the larger particles by the autosampler and irreproducible injection of the sample into 
the atomizer. In addition, large particles vaporize slowly and can result in incomplete atom¬ 
ization of the analytes, and sedimentation is also less marked in low-density particles. 

Notwithstanding the decisive importance of particle size in the materials used to prepare 
slurries, specific information about particle size distribution is rarely reported in connection 
with slurry formation. Also, when particle size is reported, the sample has usually been 
ground to pass through a given mesh dimension and only the maximum particle size of the 
material is stated. Wibetoe et al. [12] studied the potential of using a Coulter particle 
analyser with a view to developing a method for measuring the effect of grinding solid mate¬ 
rials for slurry formation. Such a method would allow particle size distributions to be plotted 
and (or) quantified in various ways including number-size and volume-size plots, size being 
expressed as a volume, surface area or— most often — diameter. Plotting volumes of par¬ 
ticles against size is advantageous as detailed information about the larger particles is lost 
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Figure 5.1. Effect of particle size and the slurry standing time on the recovery of As 
compared to the certified value, (n) 36 pm, (•) 50 pm and (a) 77 pm. (A) Slurry of marine 
sediment, (B) aqueous phase of the sediment slurry, (C) slurry from a coal, (D) aqueous 
phase of the coal slurry. All data points are the averages of four independent 
experiments. (Reproduced with permission of Elsevier, Ref. [16].) 


when the distribution is expressed in terms of number-percentage. Thus, grinding the plant 
material for as long as 60 min has been shown not to be necessary always as the precision 
and accuracy obtained after 5 min of grinding is more than adequate in many cases. 

The effect of particle size cannot be generalized as it depends on the specific type of 
matrix and analyte, their interaction, the aggressiveness of the liquid phase, the liquid-solid 
contact time, the effectiveness of US action in modifying the particle size — which clearly 
depends on the US power, intensity and application time — and the slurry standing time, 
among others. Figure 5.1 illustrates the effect of some variables for slurries formed in 
aqua regia +HF after 30 min of sonication in an ultrasonic bath. The optimum standing 
time prior to hydride generation of As was found to be 48 h, with very little difference 
between using the slurry or the aqueous phase after application of such highly drastic 
conditions [16], which caused virtually complete leaching of the target analyte in the slurry 
preparation. 
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Not always does the lowest particle size provide the best results. The decreased detector 
response obtained from a particle size < 36 pm relative to < 50 and < 77 pm was ascribed 
to the increased co-extraction of interferents with the analyte for sediments [16] or to the 
coagulation of particles in the case of plant material [17]. 

The fact that particle size does not influence slurry behaviour in many cases [2,18-20] 
has been ascribed to the volatility and mobility of the analytes (e.g. Cd, Se, Tl) facilitating 
passage into the liquid phase. 


Slurry concentration 

One other key factor in preparing a slurry is concentration. Samples with high analyte con¬ 
tents are easier to analyse with the slurry technique than by direct solid sampling as the 
slurry can be readily diluted. However, the slurry can only be diluted to a certain extent 
because precision degrades with a high dilution as a result of only a small number of 
particles remaining in the slurry. On the other hand, when the analyte content in the original 
sample is very low, the slurry concentration can be increased accordingly — the pipetting 
efficiency, however, can deteriorate with more concentrated slurries. One other factor to 
be considered is that increasing the slurry concentration can boost matrix effects. In food 
analyses, the RSD is typically less than 4% when using particles less than 50 pm in diam¬ 
eter — provided the slurry concentration is below 10% m/v. Accuracy deteriorates when 
the slurry concentration exceeds 5% as a result of matrix effects. In fact, slurry concen¬ 
trations above 5% result in deposition of the slurry aliquot [21]. The errors associated with 
slurry formation have been characterized and found to arise from uncertainty in the 
sample volume and the number of particles it contains, as well as from variations in 
the mass of individual particles. These errors can be minimized by using small particles, 
concentrated slurries and narrow particle size distributions. Some authors have even 
proposed a minimum number of particles in the aliquots for insertion into atomizers, 
which should never be less than 50 [22]. 

Some authors [23] claim that using slurry nebulization is only advisable when no efficient 
alternative digestion procedure is available. The dilution factor in slurry nebulization is at 
least as high as in normal solution nebulization. The concentrations of dissolved solids in 
analytical solutions are even higher as the dispersing agents alone account for 0.5 to 1%. 
In addition, contamination from impurities in the grinding agents may result in analytical 
errors. Polyatomic ions formed from the components of the grinding agents or the 
dispersants can also cause interferences. 


Slurry stability 

The stability of slurries obtained with US assistance depends mainly on the ultrasound 
characteristics and the presence of stabilizing agents. The effect of the former is equivalent 
to magnetic stirring, vortexing, bubbling a gas — usually argon — or electric dispersion in 
metallic samples, etc. 


Stabilizing agents 

Preparing slurries in aqueous solutions is rarely effective because most powdered mate¬ 
rials undergo rapid sedimentation. This occurs immediately after the solid and liquid 
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phases are brought into contact and can be quantified via Stokes’ law. The sedimentation 
rate depends on the relative densities of the liquid and solid phases, the viscosity of the 
liquid medium and the radius of the sample particles. The slurry can be stabilized using 
a highly viscous liquid medium such as Viscalex, glycerol, a non-ionic surfactant, an organic 
solvent or a thixotropic thickening agent, among others. The stabilizing capacity of these 
agents depends largely on their concentration, as well as on the characteristics and 
particle size of the sample. By way of example, 10% glycerol was found to ensure 
optimum homogenization of slurry herbal medicine samples [17,24]. On the other hand, 
the maximum slurry concentration that can be used depends on the concentration of the 
stabilizing agent. The time interval between effective suspension of the slurry and 
removal of an aliquot for analysis can be extended by using a highly viscous medium 
similar in density to the sample particles. Problems have been noted regarding the use of 
viscous media to prepare slurries, such as the sample aliquot being inefficiently pipetted 
into the atomizer when a high concentration of stabilizing agent is used. Also, the sample 
can remain around the dosing hole, which can degrade precision with both micropipettes 
and autosamplers. The use of the latter additionally requires flushing the capillary 
between successive determinations. Also, it requires pyrolysis to remove excess stabiliz¬ 
ing agent. Stabilizers are usually inefficient when the slurry contains particles of high 
density. Apart from stabilizing agents, the addition of wetting and antifoaming substances 
such as Triton X-100 can improve slurry dispersion and increase homogeneity, thereby 
resulting in better precision and more symmetric peaks for the target analyte [25]. 
Stabilizing agents are the preferred choice when the samples are to be inserted via an 
autosampler as the slurry can be allowed to stand in the sampling cups without further 
homogenization. Other reagents deemed stabilizers (e.g. H 2 0 2 ) are in fact used to avoid 
carbonaceous residues in the atomizer. 



Figure 5.2. Effect of various stabilizing conditions on the sedimentation time of lead slurries. 
(+) 5% nitric acid + 0.1 % Triton X-100, (u) 0.5% nitric acid + 0.1 % Triton X-100, (a) 5% nitric 
acid and (x) 0.5% nitric acid. Each slurry was subjected to US radiation only before injection 
of the first aliquot. (Reproduced with permission of Elsevier, Ref. [26].) 
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Figure 5.2 illustrates the effect of various stabilizers on the slurry sedimentation time 
after stopping US application in the determination of lead from lake sediments in particle 
sizes < 2 mm [26]. The presence of nitric acid has the twofold effect of stabilizing slurries 
and increasing analyte leaching. The latter effect is a function of both the acid concentra¬ 
tion and the nature of the target analyte [10]. 


5.2.3. Analytical applications of ultrasound-assisted slurries 

The use of ultrasound-assisted slurry is a simple, efficient alternative to circumvent 
problems associated to digestion of samples with complex matrices derived from the 
required hazardous conditions, but also to leaching when efficiencies are not quantitative. 
Applications involving slurries prepared by ultrasonic assistance are continuously 
proposed with different detection systems, which demonstrate the versatility of slurries for 
metallic elements determination. 


Ultrasound-assisted slurry formation followed by cold-vapour or hydride generation 

Ultrasonic slurry formation has been frequently used prior to cold-vapour and hydride 
generation. Both procedures usually involve a drastic treatment of the slurry to ensure 
complete transfer of the target species to the liquid phase for subsequent formation of the 
gas phase — after a normally long standing time — which is the only phase reaching the 
atomizer in the case of hydride generation and the detection point in the case of mercury 
vapour formation. The gaseous analytes or their hydrides are most often obtained in a 
commercial or laboratory-made dynamic flow injection manifold. 

Thus, the treatment of soils and sediments usually requires exhaustive conditions, 
which are characteristic of partial or total digestion processes according to the final 
aspect of the treated sample. Antunes et al. [27] treated sediments with aqua regia, HF 
and HCI in an US-bath prior to insertion of the slurry into a flow injection system for the 
determination of Cd, Hg, Pb and Se. Following 30 min pretreatment at 90°C in a US 
bath, a standing time of 12 h was required to vaporize the analytes (either by hydride gen¬ 
eration or cold vapour formation) in the on-line system for their subsequent ICP-MS 
detection. After such a drastic pretreatment, the appearance of the slurry remaining after 
vapour generation was similar to that of the initial slurry, so dissolution of solid particles 
was incomplete. The standing time can be shortened by using isotopic dilution for calibra¬ 
tion. On the other hand, lengthy US-assisted treatment of slurries was found to be 
required to determine hydride-forming elements in reference sediment materials [28]. The 
slurry treatment involved sonication for 30 min in a US bath, standing for 24 h under occa¬ 
sional shaking, another 30 min in the US bath and heating of the slurry in a water bath at 
90°C for 15 min. These treatments are actually partial digestion or leaching treatments as 
the slurry itself never reached the detector; also, they could be expedited substantially by 
using one of the continuous or discrete approaches described in Chapters 3 and 4 [29]. 

One other case is the method for the determination of As in sediments and coal, where 
the powder obtained by grinding the samples to a particle size "50 pm was mixed with 
aqua regia and hydrofluoric acid in an ultrasonic bath for 30 min. Following dilution 
with hydrochloric acid, the slurry was allowed to stand for 48 h, after which an aliquot was 
used for hydride generation [16]. According to its proponents, this “simple” treatment 
dispenses with sample digestion. However, it is dubious that the action of US under the 
drastic conditions provided by aqua regia+HF only produced a mixture of the ingredients 
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and not a real digestion; nevertheless, the authors tailed to comment on the state of the 
slurry (viz. whether it contained a solid phase) after treatment. 

No standing time, but manual stirring for 30 s in a batch system was required after 
sonication in a US bath to form slurries from milk powder samples using 8% (v/v) aqua 
regia, 2% (v/v) antifoam and 1% (m/v) hydroxylamine hydrochloride for the subsequent 
determination of mercury [30]. Following sonication the slurry was treated with KBr and 
KBr0 3 in a hydrochloric acid medium to digest organic mercury, the treated sample being 
inserted into a multicommutated system to drive the resulting gas phase to an atomic 
fluorescence detector. After these steps, the target analyte should be in solution, so the 
process can be called “leaching”. In any case the concentration of mercury in the liquid 
phase was not compared with that obtained by direct vaporization of the target analyte 
from the slurry. 

One other example dealing with samples different from sediments and soils was that 
proposed by dos Santos et al. [31]. Five different slurry preparation procedures were 
tested for the determination of mercury by axial view ICP-OES using on-line cold vapour 
generation in biological and environmental certified reference materials. In all cases, sam¬ 
ples were first grinded to a particle size <53 pm. The procedures were as follows: 
(1) using aqua regia + HF with 30 min sonication, standing time for 24 h followed by 
another 30 min of sonication and dilution with water up to 10% aqua regia (v/v) and 2% 
(v/v) HF; (2) same as the previous one, except that the standing time and the second ultra¬ 
sonic treatment were omitted and dilution with water was performed after first sonication 
step; (3) same as the previous one, except that HF was not used; (4) same as the previ¬ 
ous one, except that the aqua regia was replaced by nitric acid; (5) same as the previous 
one, except that the acid nitric was replaced by tetramethylammonium hydroxide. The 
results provided by the first three procedures were in agreement with the certified values. 
However, procedure (3) was recommended by authors because of the shortest process 
time and no use of HF. In contrast, the conditions used in procedures (1) and (2) were 
more characteristic of digestion processes. 

In other cases, the drastic conditions provided by the reagents and US action have 
been held as simply a procedure for obtaining a specific oxidation state of the analytes, 
which can hardly remain in the solid particles after the US assisted treatment. Such is the 
case with the determination of hydride-forming elements (As, Sb, Se and Sn) and Hg in 
geological reference materials by FI coupled to a hydride generation system prior to ICP- 
MS detection. Two procedures differing in the liquid medium (viz. concentrated hydrochloric 
acid or aqua regia plus hydrochloric acid) were used to sonicate the slurry at a frequency 
of 40 kHz in a US bath. According to Schwingel Ribeiro et al. [28] these harsh conditions 
only pursued to reduce the hydride forming analytes to their lower oxidation states. The 
acid concentration in the solution can also dramatically influence the signal obtained, 
as shown in Fig. 5.3 [10]. 

Probably, the very long time used in most cases could be significantly reduced by using 
a multivariate optimization approach focusing on interrelated variables. Figure 5.4 shows 
a surface response from a central composite design for [HCI]-ultrasound exposure for the 
determination of tin in coal acidified slurries [6]. 


Ultrasound-assisted slurry formation prior to its introduction into the atomizer 

When the slurry itself is to be fed to the atomizer or vaporizer, the duration of the previ¬ 
ous ultrasonication step is dictated by the nature of the sample matrix. Thus, samples for 
the determination of As, Pb, Se and Sn in sediments by electrothermal vaporization 
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Concentration of HN0 3 (%) 


Figure 5.3. Effect of the concentration of nitric acid on the peak intensities of several 
metals in sediment slurry using Ru as permanent modifier. (Reproduced with permission 
of Elsevier, Ref [10].) 


inductively coupled plasma mass spectrometry were ground to a particle size <50 mm 
and suspended in 5% v/v nitric acid and 1% v/v hydrofluoric acid after sonication in a 
cleaning bath for 30 min. Following standing for 8 h, the slurry was shaken immediately 
before pouring into an autosampler cup [32]. 

Less drastic conditions — which were also bound to cause partial leaching, however — 
were used for other authors for US-assisted slurry treatment involving NH 4 N0 3 + H 2 0 2 + 
Triton X-100 and sonication in a US bath for 10 min, after which suspended particles were 
vortexed to withdraw aliquots for analysis [25]. 

Matrices such as seafood, compost, medicinal herbs or fine ambient aerosols require 
shorter ultrasonication times (5-15 min) in US baths, less aggressive liquid solutions 



Figure 5.4. Response surface estimated from the central composite design obtained 
for the pair [HCIJ-US exposure time in the determination of tin in coal acidified slurries. 
(Reproduced with permission of Elsevier, Ref. [6].) 
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and no standing time [10,17,33,34]. The resulting slurries are usually transferred to a 
USS-100 for determination. 

Filtration — which can be done in a continuous manner in a dynamic system — after 
a drastic slurry treatment would avoid the need to insert the slurry into the detector as the 
target analytes would be in solution. This US-assisted leaching procedure is frequently pre¬ 
ferred to slurry insertion and involves centrifugation after leaching in batch methods [33]. 

Only homogenization — and slight leaching if any — occurs when ground samples are 
poured into the cups of a USS-100 system or a similar device. Usually, the suspension 
is sonicated with a US probe for 10-20 s [35,36]. The ensuing methods should be 
thoroughly checked before application to natural samples; also, they should not be 
applied to matrices or analytes other than those used in their development. 


5.2.4. Ultrasound-assisted slurry formation versus other sample 
preparation methods 

Ultrasound-assisted slurry formation has been compared mainly with microwave-assisted 
digestion of various matrices and analytes. A distinction should be made here between 
methods using a cleaning US bath and those employing a probe. 

The 10-min treatment in a cleaning US bath proposed by Bermejo-Barrera et al. for seafood 
products provided results that departed from those obtained by acid microwave-assisted 
digestion in a domestic oven for Fe and Se, but were in agreement for 9 other metals [33]. 
On the other hand, sonication of a compost slurry in a US bath (5% v/v Triton X-100 + 1% 
v/v nitric acid) for 15 min, followed by transfer of an aliquot to an autosampler cup and son¬ 
ication with a USS-100 probe for 10 s provided the same results for chromium as did wet 
microwave-assisted digestion with 3 ml concentrated HN0 3 + 1 ml H 2 0 2 + 1 ml concentrated 
HF. The latter procedure involved three steps in a commercial Perkin-Elmer digestor, namely: 
700 W for 6 min, 1000 W for 15 min and 15 min cooling and making to volume [34]. 

A more significant comparison, where US-assisted slurry formation was the clear 
winner, was made by Felipe-Sotelo et al. in the determination of cobalt in geological sam¬ 
ples [37]. Direct slurry homogenization with aqueous solution of 0.5% nitric acid, 5-20 mg 
sample, for 10 s with the aid of a USS-100 microprobe sufficed to obtain similar results to 
those for microwave digested samples (viz. a four-step digestion programme involving 
0.3 g sample, 3 ml of concentrated HN0 3 and 0.5 ml H 2 0 2 ). Also, US-assisted leaching, 
microwave-assisted digestion under very drastic conditions, and US-assisted slurry 
formation were found to provide very similar results for As in seafood — particularly when 
the solid particles were allowed to settle in the last case [5]. 

Overall methods using either different or no sample preparation procedures and various 
detection techniques have also been compared. Thus, fine ambient aerosol was analysed 
for 11 elements by using US-assisted slurry formation for 15 min prior to AAS, as well as 
by X-ray fluorescence spectroscopy and laser ablation ICP-MS. Sample treatments were 
found to provide similar results. However, the detection techniques compared the number 
of target analyte elements to be determined, detection limits and purchase costs [10]. 


5.2.5. Non-analytical ultrasound-assisted slurry formation 

Its unique combination of excellent physical and chemical properties make diamond one 
of the most technologically advanced materials available today. Most uses of diamond 
require depositing a highly adherent thin diamond film onto a non-diamond substrate. 



Ultrasound Assistance to Heterogeneous Systems 


153 


In particular, diamond is attractive as a coating for alumina ceramic electronic package 
and wear-resistant components [38,39]. Diamond films are also desirable as hard, highly 
transparent protective coatings for optical components such as sapphire or quartz [40]. 
Generally, diamond coatings suffers from three major problems, namely low nucleation 
density, poor adhesion and large residual compressive stress. Among the solutions to 
these problems [41], US-assistance for preparing slurries for film deposition has proved 
to be an excellent tool for enhancing and controlling diamond particle density in coatings. 
The most effective slurries with a view to obtaining high diamond particle densities (DPD) 
are those consisting of small (<0.25 pm) and larger particles (>3 pm) of diamond, 
alumina or titanium, for example [42-46]. Whereas, US abrasion with a mono-dispersed 
diamond slurry results in DPD of ca. 10 8 particles/cm 2 , treatment with poly-dispersed 
slurries provides DPD above 10 10 particles/cm 2 . The increased diamond nucleation has 
been ascribed to a "hampering" effect whereby the larger particles insert very small debris 
onto the treated surface, thus increasing the density of nuclei onto which diamond growth 
can take place during chemical vapour deposition. In this way, continuous diamond films 
of less than about 100 nm thickness can be grown after only 5 min deposition; by 
contrast, 2 h is required to obtain similar results with a mono-dispersed diamond slurry. 
Particle size also differed markedly; thus, it was 1-2 pm for mono-dispersed diamond 
after 2 h of deposition and ca. 300 nm for mixed slurries after about 40-50 min [46,47]. 
These, mainly mechanical, effects of US may be of interest to analytical chemists. 


5.3. ULTRASOUND-ASSISTED AGGLOMERATION OR AGGREGATION 

The removal of fine particles from gases and liquids is a subject of permanent industrial 
interest. By contrast, only solid-liquid systems are analytically or clinically relevant in this 
respect. Ultrasound power may help improve the efficiency and performance of analytical 
separation methods. The specific mechanisms by which separation processes can be 
ultrasonically enhanced vary with the nature of the medium to be treated. 

In gas suspensions, where very fine particles have to be removed, US action involves 
agglomeration of particles in order to increase their size and, consequently, to improve 
the collection efficiency of conventional filters (e.g. electrostatic precipitators, cyclone 
separators). These filters, while effective for large particle separation, are inefficient 
for retaining particles smaller than 2.5 pm. Therefore, acoustic agglomeration provides a 
means for separating fine particles released from industrial, domestic or vehicle 
sources, which, analytically, constitutes an excellent method for sampling in environmental 
analysis. 

In solid-liquid separations, particle agglomeration can also be used to prevent filter 
clogging and increase the separation efficiency; in general, however, the procedure is less 
efficient than with gases. 

Ultrasonic standing waves (viz. waves that vary spatially in pressure amplitude in the 
direction of wave propagation), usually within the MHz region, of high pressure amplitude 
and high power have most often been used to effect agglomeration. A comparison of 
the effect of standing waves with that of propagating waves (viz. waves that do not vary 
spatially in pressure amplitude as the wave travels in a medium with negligible attenuation) 
revealed the former to perform better, particularly with biochemical systems [48]. 

The capabilities of ultrasonic radiation forces for manipulating suspended particles 
have been the subject of a broad spectrum of experimental research. The effectiveness 
of particle-liquid separation by ultrasonic radiation forces depends on the acoustic distribu¬ 
tion in a standing-wave field. In a US standing wave, suspended particles of appropriate 
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density and compressibility collect near pressure nodal positions to form bands parallel to 
the transducer, out of the acoustic field, thus providing a way for agglomeration. The 
energy distribution in a US particle-separation device analysed from measurements of the 
energy-density distribution in the liquid carried out using a microscope-based imaging 
system were compared to laser interferometer measurements of the velocity-amplitude 
distribution on the transducer and reflector surfaces of the ultrasonic separator. The energy 
density was found to follow the same trend as the surface velocity, being higher near the 
resonator centre and approaching zero near the walls. These results suggest that the 
energy-density distribution in the liquid is a defined function of the dimensions, imposed 
boundary conditions and physical properties of the reflector and transducer, thus providing 
a practical basis for developing a mathematical model of cell aggregation and retention, 
and enabling the design of resonators with predetermined energy density distributions for 
specific particle, separation, and fractionation applications. 


5.3.1. Basic mechanisms of ultrasound-assisted agglomeration 

Solid-gas systems 

Acoustic agglomeration is a process in which acoustic forces cause particles to interact 
and, eventually, to collide. The complex mechanisms behind this process involve orthoki- 
netic and hydrodynamic interactions. The orthokinetic interaction is founded on the hypoth¬ 
esis that collisions are produced due to the different acoustic entrainments experienced by 
particles of different size and weight. In order to describe this mechanism, an agglomera¬ 
tion volume is defined around each particle as a volume where another particle can be cap¬ 
tured [49]. However, this mechanism, which constitutes the basis for most existing 
interaction models, can explain neither the agglomeration of monodispersed aerosols nor 
the way in which the agglomeration volume is refilled once the initial particles are captured. 

Hydrodynamic mechanisms are those which produce particle interactions through the 
surrounding fluid due to hydrodynamic forces and the asymmetry of the flow field around 
each particle. These mechanisms, which are not dependent on the relative differences in 
acoustic particle entrainments, can act from distances larger than the acoustic displace¬ 
ment and have to be considered as the main mechanism in the agglomeration of 
monodispersed aerosols, where particles are equally entrained. There are two main types 
of hydrodynamic mechanisms, namely mutual radiation pressure [50] and the acoustic 
wake effect [51,52]. The radiation pressure is a second-order effect which produces a 
force on a particle immersed in an acoustic field due to the transfer of momentum from 
the acoustic wave to the particle. This force moves the particles towards the pressure 
node or antinode planes of the applied standing wave, depending on the size and density 
of the particles. The mutual radial pressure can be computed from the primary wave as 
well as from other wave fields of nearby scatters. In fact, it gives rise to particle interac¬ 
tions as the result of forces produced on two adjacent particles by a non-linear combina¬ 
tion of incident and scattered waves. 

The acoustic wake effect is based on the asymmetry of the flow field around a 
moving particle at moderate Reynolds numbers (Oseen regime). If two closely spaced 
particles are oscillating, the leading particle will disturb the fluid and generate a wake 
behind itself. If the second particle is located close enough, in the first semi-cycle 
it will travel within the wake. The wake leads to a pressure reduction behind the leading 
particle so that the trailing particle moves with higher speed. The same effect occurs in 
the second semi-cycle, but the roles of the leading and trailing particles are exchanged. 
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As a consequence, particles on the acoustic axis converge during a number of cycles and 
eventually collide. Equations for the dynamics of particles under standing waves that 
include the mass, radius and velocity of the particles, the kinetic and dynamic velocities 
of the fluid and its velocity due to the acoustic wave have been derived [53]. 

The orthokinetic effect has been shown to occur mainly in solid-gas systems and to be 
irrelevant in liquid suspensions. The radiation pressure seems to be the most important effect 
in the latter case with a view to agglomerating particles or at least bringing them together. 


Solid-liquid systems 

A standing wave can induce three types of acoustic forces, namely: 

(1) The axial component of the primary acoustic radiation forces, which is parallel to the 
z-direction of the coordinates and accelerates the particles towards the pressure 
nodal planes of the standing wave field. 

(2) The lateral components of the primary acoustic radiation forces, which drive the 
particles within the pressure nodal planes towards areas of local maximum acoustic 
intensity. 

(3) The so-called "secondary force", or Bjerknes force, which is generated as particles 
scatter the sound waves, and thus represents an additional source of sound. The 
secondary force can be repulsive or attractive, depending on the angle between the 
particle-connecting line and the sound wave direction. For an angle of 90° (viz. for 
particles arranged within the acoustic pressure nodal planes), the secondary force is 
an attracting, interparticle force, strongly dependent on the distance between the 
particles. The attracting characteristic of secondary forces results in the formation of 
associated within the acoustic pressure nodal planes. 

The agglomeration of particles in an acoustic field is also explained as the result of two 
mechanisms, namely: first, the particles can move to the nodes or antinodes of a stand¬ 
ing acoustic wave, where they can concentrate and aggregate [54]. Then, an acoustic 
pulse can make small particles in close proximity to each other move with different veloc¬ 
ities and agglomerate. It has been shown [45] that 5-50-pm-sized metal particles 
suspended in a hydrocarbon liquid collide and fuse when irradiated with US. The particle 
size of activated sludge is in the same range; its size distribution is bimodal, comprising 
25-100 pm floes and 0.5-5 pm free colloids [56]. 


5.3.2. Variables influencing ultrasound-assisted agglomeration 

Not all factors potentially influencing agglomeration have been identified; also, their 
effects differ depending on the organic, inorganic or biochemical nature of the particles 
to be aggregated and the particular dispersive medium. The most salient, best known 
variables influencing US-assisted agglomeration are discussed below. 


Size of the initial particle 

Acoustic agglomeration is seemingly much more efficient for large particles than for small 
ones, especially in solid-gas systems. In fact it is difficult to achieve a high agglomeration 
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rate in aerosols exhibiting a gi/as/'-monodisperse particle size distribution. The boundary 
for this behaviour lies in the range 70-100 nm; however, the exact threshold depends on 
the presence of moisture in the dispersive medium [57]. 


Nature of the dispersive medium 

The polarity of the dispersive medium greatly affects agglomeration, in a way that must 
be studied on a case-by-case basis. In a study on ultrasonic agglomeration of submicron 
particles in diesel exhaust, the presence of moisture was found to raise the agglomeration 
rate by decreasing the number of particles by up to 56% [57]. On the other hand, with 
inorganic particles (e.g. Ti0 2 or ZnS suspensions), the presence of a polar medium such 
as water adversely affected the formation and stability of aggregates of fine particles. 
In fact, most particulate substances acquire a surface electric charge (electric double 
layer) upon contact with water and generate dispersive forces opposing acoustic agglom¬ 
eration forces. Enomoto et al. obtained contradictory results in this respect; thus, they 
ascribed the increased agglomeration of Si-components in a sonicated medium to the 
formation of OH radicals that would attack OH groups in surface spheres. They supported 
this assertion on the results of an experiment involving diphenyl-picrylhydrazyl, a known 
scavenger for OH radicals that distorted the spheres formed [58]. 


Ultrasound frequency and intensity 

Some contradictory effects have been reported concerning the influence of US frequency 
on various dispersion systems, initial particle sizes, and characteristics of the US device 
other than frequency; this has precluded the accurate elucidation of the effects of this 
variable on agglomeration. Thus, by using frequencies of 20, 1740 and 4000 kHz and 
intensities <25.4 W/cm 2 on spherical silica, Enomoto et al. found the sphere size to 
increase with increasing US intensity and 20 kHz sonication to induce agglomeration 
among spheres [58]. They assumed agglomeration to reduce the apparent surface area 
of the particles and hence to potentially increase the deposition thickness on the assump¬ 
tion that the amount of precipitated Si component would be the same. At high frequencies, 
agglomeration was scant, but the increase in sphere size was significant. The variation of 
the size of agglomeration as a function of the vibration amplitude (viz. £ = vibration ampli¬ 
tude = (2/r/) -1 (2//pc) 1/2 , where / is the ultrasonic intensity, f the frequency and pc the 
acoustic impedance of the liquid) exposed a strong effect of this variable and its low 
values at frequencies in the MHz range (see Fig. 5.5). This result has more recently been 
supported by research on the sonochemical agglomeration of monodispersed nanoparticles 
under high-intensity US irradiation (at 20 kHz, 100 W/cm 2 ) without thermal post-treatment, 
as required for obtaining three-way catalytic converters [59]. 

Recently, new methods for controlling particle retention involving changing the inten¬ 
sity and frequency of US waves by effectively coupling acoustic-gravity fields have been 
developed on the basis of the Yoshioka-Kawashima theory [60]. The relationship 
between the acoustic radiation force on a particle in a standing wave, the wavelength of 
the radiation, the distance of the particle from the node and the particle radius was estab¬ 
lished with a view to controlling elution by using a coupled acoustic-gravity field and 
orthogonal laminar flow. Based on such relationship, Masudo and Okada used a dynamic 
system at a variable US frequency. The mobile phase flow was stopped for 10 min to allow 
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Figure 5.5. Variation of particle size as a function of the US vibration amplitude 
at 20°C, usinq an irradiation time of 90 min. (Reproduced with permission of Elsevier, 
Ref [58].) 


the particles inserted into the channel to migrate to their equilibrium positions, after which 
separation was started. If particles aggregated near the channel walls, they actually did 
not move because the local flow-rate is almost zero. By contrast, particles aggregating at 
the centre of the channel should flow down to the channel outlet at the maximum flow- 
rate. The operating frequencies used to change the nodal positions were 463, 500 and 
774 kHz. Simple calculations showed that the node must form at the upper wall surface 
at 500 kHz and at the bottom wall surface at 774 kHz. A large peak appeared near the 
void peak at f = 463 kHz suggesting that particle aggregation occurred near the centre of 
the channel. No peaks were detected while the transducer was excited at 774 or 500 kHz, 
which strongly suggests that the particles accumulated in the vicinity of either wall. 
When the electric voltage supplied to the transducer was switched off, a large peak was 
detected at 500 kHz, but not at 774 kHz. Since the resonant frequency of the transducer 
was ca. 500 kHz, the US intensity at this frequency should be larger than that obtained at 
774 kHz. It can thus be reasonably inferred that particles accumulated on the upper chan¬ 
nel wall at f= 500 kHz and then settled down to the mobile phase stream when the US force 
is removed. On the other hand, particles accumulated on the bottom channel wall at f= 774 
kHz, so they were not eluted even in the absence of US force. The distance of the aggre¬ 
gated particles from the bottom or upper channel can be altered by linearly changing the 
supplied electric voltage with time and keeping the US frequency constant. In this way, 
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particle retention is externally controllable and theoretically predictable [61]. This is the 
basis for filterless US-assisted filtration, which is discussed later. 

Haake and Dual have developed models for calculating the transmitted wave as a 
function of the applied electric voltage and incident wave. They found application of 
an electrical impedance to the piezo-device to allow the reflection coefficient to be altered 
in amplitude and phase, and hence the characteristics of the reflected wave to be 
controlled [62]. 

Another method recently developed for manipulating small particles uses the forces 
created by a two- or three-dimensional sound field that is excited by a vibrating plate, the 
surfaces of which move sinusoidally and emit an acoustic wave into a layer of fluid. Such 
a wave is reflected by a rigid surface and generates a standing sound field in the fluid, the 
forces of which act on particles by displacing them in one, two or three dimensions. In this 
way, particles of sizes between one and several hundred microns can be simultaneously 
manipulated in a contactless manner. Equations describing this behaviour have been 
reported [63]. 


Large-scale streaming and thermal convection 

Ultrasound can also have an adverse effect on disturbing the manipulation or aggregation 
of suspended particles. Large-scale streaming is one of the major undesirable phenomena 
that may occur during ultrasonic aggregation. The effect is known as "quartz-wind" or 
"Eckart streaming"; however, thermal convection also plays a prominent role here as a result 
of acoustic energy being absorbed by the bulk medium and heating caused by losses in the 
transducer and reflector. In experiments under microgravity conditions, thermal convection 
has been identified as the major limiting mechanism for 1.3 pm latex and 5 pm yeast parti¬ 
cles banding in a 5.4 ml tubular chamber at 1 and 3 MHz [64]. In addition to these bulk types 
of streaming, small-scale Schlichting (scale « A) and Rayleigh (scale ~ A) type streaming 
can also occur in a US field [65]. Their influence on suspended particle behaviour in 
US-standing waves has not been fully investigated so far. Streaming, in general, causes 
drag and stress on particles and particle clusters. Large-scale streaming, in particular, may 
drive particles out of the desired positions, prevent particle aggregation or even disrupt 
aggregates. The generation of large-scale streaming has been investigated theoretically 
and experimentally, mostly for travelling waves [65,66]. With standing wave fields, streaming 
can be ascribed to a travelling component in the real standing wave that appears from sound 
absorption and produces a net force on every single fluid element. This is the driving force 
for bulk fluid motion. Provided Stokes’ law holds, which is a reasonable assumption at 
Re < 1 (i.e. for spherical particles < 50 pm with a maximum streaming velocity of 20 mm/s 
in water), the streaming drag force on a particle is proportional to its diameter, d; on the other 
hand, the radiation force is proportional to d 3 [67]. Therefore, the importance of the stream¬ 
ing phenomenon increases with decreasing particle diameter. 

Conditioning the US suspensions effectively entails favouring the effects of radiation 
force and US-induced particle interactions while minimizing streaming. One common 
measure here is to cool the transducer and reflector by means of separate cooling 
water loops. Air-cooling the outer transducer and reflector surface may also be 
useful [68]. Streaming can additionally be controlled by exciting the transducer with tone 
bursts [69]. The appearance and speed of acoustically driven bulk streaming have been 
found to depend on the free pathlength for streaming: the shorter the pathlength, the 
slower the streaming. No large-scale streaming is detected at a certain threshold, 
however [70,71]. 
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5.3.3. Applications of ultrasound-assisted agglomeration 

Although analytical chemists have so far unexploited US for agglomeration purposes, many 
existing applications in the inorganic, organic and, especially, biochemical field can be 
extended to the analytical domain. The main advantages of US-agglomeration as a sepa¬ 
ration technique are that particles of diameter between one and a few hundred micron can 
be manipulated in a contactless manner and that a large number of particles can be manip¬ 
ulated simultaneously using the repetitive structure of the sound field. The selected exam¬ 
ples described below illustrate the potential of this unexplored field for analytical chemists. 


Inorganic applications 

The synthesis of novel materials (particularly multicomponent materials) with unusual 
properties for uses as catalytic converters is gaining interest [72]. Thus, nanoporous 
structures of materials obtained by high-US agglomeration of monodispersed nanoparti¬ 
cles exhibit excellent properties and do not require the thermal post-treatment usually 
needed for the crystallization of amorphous materials or removal of surfactants [73]. 

Bentonite has been used to study the behaviour of US-fields [71], so its results can be 
used by analytical chemists for new inorganic applications. 


Organic applications 

Some by-products of coal combustion (viz. high carbon fly ashes) contain three forms of 
carbon (namely inertinite particles and isotropic and anisotropic coke) which are commonly 
agglomerated for use by the cement industry or for dumping in landfills. This, in fact, consti¬ 
tutes an environmental cleaning step. A comparative study of three processes (namely 
triboelectrostatic separation, US column agglomeration and column flotation) for proper 
agglomeration of these unburnt particles showed US to be an interesting energy source for 
this purpose, which was only slightly surpassed in efficiency by column flotation [74]. The 
US agglomeration of submicron particles in diesel exhaust has also proved to be highly 
efficient for environmental cleaning purposes, particularly in the presence of moisture [57]. 


Biochemical applications 

This is the only analytical field where high-US agglomeration has been tested and its poten¬ 
tial as an efficient separation method — which some authors deem "filtration" or "filterless 
US-assisted filtration mode" — exploited [75]. 

Thus, Bhaskar et al. developed a novel US-enhanced latex agglomeration test for the 
detection of serum antibodies against Mycobacterium tuberculosis. The use of US 
enabled the detection of low levels of antibodies in serum by increasing the sensitivity of 
the test. The rate of particle-particle collisions under an oscillator frequency of 100 kHz 
was raised to such an extent that the sensitivity for samples diluted up to 20 times 
exhibited agglutination, which was visible to the naked eye [76]. Figure 5.6 clearly shows 
the advantage in using US for this purpose. 

The identification of proteins by MALDI-MS following in-gel digestion in a low-salt, non¬ 
volatile buffer of the proteins was simplified by collecting the resulting peptides in a small 
volume under sonication for 5 min; this facilitated automation of the overall process [77]. 
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Conventional slide test Ultrasound enhanced test 

Figure 5.6. Percentage of samples from Mycobacterium tuberculosis (TB) patients 
and healthy controls exhibiting different degrees of agglutination when tested using the 
conventional slide procedure or the US-enhanced latex agglutination test. (Reproduced 
with permission of Elsevier, Ref [76].) 


Fractionation of different cell populations in a suspension can be accomplished by 
subjecting the suspension to a resonant US field and a laminar flow field propagating in 
orthogonal directions within a thin, rectangular chamber. The steady, laminar flow trans¬ 
ports the cell suspension along the chamber, while the US field causes the suspended 
cells to migrate to the mid-plane of the chamber at rates related to their size and physi¬ 
cal properties. A thin flow splitter positioned near the outlet divides the effluent cell sus¬ 
pension into two product streams, thereby allowing cells that respond faster to the US field 
to be separated from those that respond more slowly. Modelling the trajectories of individ¬ 
ual cells through the chamber revealed that fractionation could be controlled by altering 
the strength of the flow relative to that of the acoustic field [78]. 

New US devices and gravity conditions have been assayed with a view to obtaining 
better separation of biological materials. Such is the case with an h-shaped ultrasonic 
resonator used to separate biological particulates under terrestrial gravity and micro¬ 
gravity conditions [79]. Based on the results, gravity can hinder the removal of cells 
from pressure-nodal planes provided the resonator is properly oriented relative to the 
gravitational field. The gravitational effects can be employed to overcome the lateral 
acoustic forces associated with cell trapping. The optimum separation frequency varies 
with the specific composition and particle size distribution in the cell suspension. 
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Also, acoustic forces cannot be increased arbitrarily without the risk of reducing cell via¬ 
bility, or causing cavitation in the suspension, which may decrease the overall separation 
efficiency and cause cell destruction. 

Microfluidic channels have also been used under US irradiation for agglomeration- 
separation purposes. Thus, Nilsson etal. tested two microchannels of different width. The 
width of one microchannel, 750 pm, coincided with the wavelength of the applied US; this 
gave rise to a standing wave with two pressure nodes and three pressure anti-nodes [80]. 
Five-micron polyamide spheres inserted into the channel moved into the pressure nodes 
and remained there throughout the length of the channel because of the laminar flow 
properties. The end of the channel was split into three outlets and the particles were 
collected via the side outlets while the main part of the particle-free medium exited 
through the central outlet. The results showed that 90% of the particles to gather in 2/3 
of the original fluid volume. The smaller channel, 350 pm wide, and a standing wave with 
only one pressure node were used with the aim of gathering particles in the central outlet 
while the main part of the medium exited through the side outlets. The smaller channel 
width allowed the use of the same high actuation frequency, even if operating at a half 
wavelength mode — which should produce a strong acoustic force on the particles. 
Another advantage is that two types of particles can be separated from each other 
provided their physical properties are appropriate in relation to the carrier fluid. This effect 
can be used in medicine to remove lipid particles from blood collected during open-heart 
surgery [81]. In fact, when erythrocytes and lipid particles suspended in blood plasma are 
exposed to a half standing wave field orthogonal to the direction of flow as they pass 
through the channel, the differences in compressibility and density of the two particle 
types cause them to move in a different direction, namely erythrocytes towards the centre 
of the channel and lipid particles towards the side walls. Splitting the channel into three 
outlets allows erythrocytes to be driven to the central outlet and lipid particles to the side 
outlets thanks to the laminar flow profile. More than 80% of lipid particles can thus be 
removed and approximately 70% of erythrocytes collected in one-third of the original fluid 
volume. Figure 5.7, which depicts the functioning of two of these filterless approaches, 
illustrates their foundation. 

When a suspension of biological sludge is sequentially subjected to underwater sparks 
of 3 kV, 50 kA and US energy, it has been found to produce a synergistic effect. Thus, the 
sparks helped the suspension consolidate, decreased the charge density on the solids 
and increased their settling rate. The amount of cake solids increased, but only by one 
percentage point; however, high-speed video images showed that the spark generated a 
steam bubble, the dynamics of growth of which can be estimated via the Rayleigh model. 
The bubble collapsed into an acoustic field which then agglomerated the particles and 
resulted in faster settling [82]. 


5.4. ULTRASOUND-ASSISTED FILTRATION 

Filtration is the separation of a particulate phase (solid or liquid) and a continuous phase 
(liquid or gaseous) by using a porous medium. Most often, filtration involves solid-liquid 
systems and is intended to either provide a solid-free liquid or isolate a solid from its 
mother liquor. 

Conventional filtration methods for separation generally use physical devices such as 
membranes, sieves or filtration beds and force-driven methods such as settling, flotation 
or centrifugation. Some involve the assistance of external (electric or magnetic) fields. 
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Figure 5.7. Filterless filtration chamber. (A) Cross-sectional view showing the filter 
construction layers. (B) Development-phase filter. (Reproduced with permission of 
Elsevier, Ref. [82].) 


Ultrasonic filtration of particulate matter from a liquid has aroused some interest 
since the fact that the rate of flow through a filter can be increased substantially by US 
has been demonstrated. Acoustic fields thus possess a great potential for improving the 
efficiency of conventional separation process (see the previous section, which discusses 
the advantages of agglomeration). The use of acoustic energy to assist solid-liquid sep¬ 
aration processes has been explored in different ways, mostly aimed at obtaining drying 
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effects. In fact, the authors pioneering the use of acoustic energy to remove moisture from 
a product employed air-borne US and assumed that the main effect was to increase the 
rate of evaporation [83]. However, they also claimed that the compressive and expansive 
effects of the acoustic waves inside the material might additionally result in water release 
from the product (a pumping effect). The usefulness as a separation tool of an acoustic 
field resonating within a porous mesh having a pore size much larger than the particle 
diameter was later demonstrated [84]. It has been widely checked that suspensions can 
flow through an acoustic chamber with no significant pressure drop — because of the 
large pore size of the mesh — and particles be trapped within the mesh, when an acoustic 
field is applied [83-85]; also, overall particle retention efficiencies as high as 90% have 
been obtained. In addition, laboratory experiments have exposed a number of interesting 
phenomena associated with the motion of particles through the filter mesh. These include 
the focusing of particles along specific trajectories within the mesh and the stable levita¬ 
tion of clusters of particles at positions that do not contact any part of the solid mesh 
despite the continued fluid flow. These phenomena are closely related to aggregation, but 
possess special connotations resulting from the proximity of the filter. 

Acoustic and hydrodynamic effects can combine in various ways to cause particles to 
be retained within the filter mesh. In one, individual particles may simply collide and stick 
to an element of the mesh. It has been observed experimentally that, in some regions, 
particles can be focused along specific trajectories and that this results in the formation 
of dendritic structures attached to fixed points on the mesh. Also, interaction of the 
acoustic field with the porous medium may create points where particles are held in the 
fluid solely by acoustic forces, a phenomenon that has been observed in some experi¬ 
ments. Finally, particles may be trapped by agglomerating with other particles and form 
temporary floes too large to pass through the interstices between pores. This last inter¬ 
pretation almost coincides with that of Mason et. al. [86], who believe that, following 
US-assisted agglomeration of particles (i.e. more rapid filtration), the US vibrational 
energy supplied to the system helps keep particles partly suspended, thereby leaving 
more free channels for solvent elution. 


5.4.1. Mechanisms of ultrasound-assisted filtration 

A number of models have been proposed to predict the motion of particles in response 
to the acoustic and flow forces present within the filter mesh and explain the effects of 
variables influencing the filtration process. Thus, Grossner et al. used the experimental 
chamber of Fig. 5.8 to develop a mathematical model to predict the motion of particles 
and explain the experimentally observed phenomena. The chamber was a Plexiglas 
structure supporting a piezoelectric transducer and a glass reflector. A US plane wave 
resonating at a frequency near 1 MHz was established in the enclosed volume, which also 
accommodated the porous mesh [87]. Because the geometry of the mesh is complex, the 
authors adopted the standard modelling practice of studying the region surrounding one 
element of the porous mesh and picturing the mesh as an assembly of cylinders. The 
model was intended to provide two-dimensional trajectories of particles in the vicinity 
of one mesh element, which was assumed to be an infinite circular cylinder. The axis of 
the cylinder fibre was normal both to the upstream flow direction and to the direction 
of the incident ultrasonic plane wave. The angle between the directions of the approach 
flow and the acoustic field, however, was arbitrary. The flow fluid was described in 
terms of (x, y) coordinates — with the approach flow always in the +x direction when 
describing the hydrodynamic flow field — and the angle between the acoustic field 
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Figure 5 . 8 . Experimental chamber for the development of mathematical models 
for predicting the response of particles to US. (Reproduced with permission of Elsevier, 
Ref [87].) 


and the hydrodynamic flow field. At each point in the fluid, a balance between acoustic 
and drag forces determined the direction and magnitude of the particle velocity. Because 
particles were small, the net force on them was assumed to be zero. Other major 
assumptions included creeping flow around the cylinder, no interparticle hydrodynamic or 
acoustic interaction and steady state particle velocities. Under these assumptions and 
conditions, the authors established mathematical equations which describe particle 
motion for the case of orthogonal approach flow and incident acoustic field [87]. Such 
equations allow particle motion to be computed at each point in space, and motions to be 
integrated with a view to predicting particle trajectories in the vicinity of the cylinder. 
A simple substitution method can be used to solve the set of differential equations 
needed to determine the trajectories. The stopping conditions include a particle imping¬ 
ing upon the fibre element, leaving the selected area of interest or levitating at a point 
in space. 

The effectiveness of the filter element has been evaluated in terms of capture perform¬ 
ance. For a cross-sectional area normal to the bulk flow direction and upstream from the 
filter element, a "capture window" exists in this plane through which all particles that even¬ 
tually collide with the cylinder pass. The width of the capture window can be calculated 
from the cylinder radius and acoustic energy density, and used as an experimental 
measure of capture efficiency. 

Recently, Grossner et al. used their previous findings to develop an overall transport 
model to predict macroscopic performance criteria such as breakthrough times and 
dynamics of filtration performance [88]. The model compared favourably with experi¬ 
mental studies on filtration phenomena by Gupta and Feke [89] (using the multi-layer 
resonance model of Rusinko [90]), and also with data from Grabenstetter [91]. 


5.4.2. Variables influencing ultrasound-assisted filtration 

The most influential parameters on US-assisted filtration can be identified from experi¬ 
mental studies and the fitting of theoretical models to experimental results. 
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Ultrasound frequency and intensity 

Because primary and secondary acoustic forces increase with increasing frequency, 
improved filter performance can be expected if a filtration chamber is operated at an 
increased harmonic frequency provided the power is kept constant and the acoustic wave¬ 
length remains larger than the particle size, so that primary acoustic forces prevail. 
However, experimental evidence suggests the opposite. The captured particles form a finer, 
crispier dendritic structure that is consistent with the finer spatial variation in the acoustic 
field expected at the higher frequencies. Thus, at the higher harmonic of two frequencies, 
the porous medium was found to saturate faster than at the lower frequency; however, 
the rate of particle capture in the initial filtration period was the same at both (1103 and 
1852 MHz) [85]. The results can differ depending on particle-size distribution and feed rate. 
Thus, a higher frequency may be more efficient for removing smaller particles. 

Tests conducted at three low frequencies (namely 28, 45 and 100 kHz) at a constant 
intensity of 2.5 W/cm 2 by using a polyacrylonitrile (PAN) ultrafiltration membrane and a 
1 wt% dextran aqueous solution (Fig. 5.9A) showed that the highest frequency does not 
affect the permeate flux and that the effect increased with decreasing frequency [92]. The 
effect can be explained in terms of cavitation, which was especially marked at 28 kHz and 
insubstantial at 100 kHz. The effect of US on the permeate flux of the dextran solution 
exhibited an induction period that was the shortest at the lowest frequency. As can be 
seen in Fig. 5.9A, US had no effect on membrane permeability, as found by using the 
previous frequencies and pure water for filtration. 

Figure 5.9B shows the influence of US intensity over the range 2.5 to 3.4 W/cm 2 as 
measured after 30 min of cross-flow filtration in order to surpass the longest induction 
period (28 min at 45 kHz). At 100 kHz, the permeate flow of the dextran solution did not 
change with the US intensity and was virtually identical with that observed in the absence 
of US. At 28 and 45 kHz, however, the US intensity clearly influenced the results. 


Ultrasound power 

A similar response to intensity changes was obtained by changing the applied US power 
at high US frequencies and variable powers for a heterogeneous system consisting of 
polystyrene particles in water. Filtration improved as the power was increased from 20 to 
40 W, but not significantly from 40 to 50 W [85]. 


Ultrasound propagation direction 

A simplified particle-trajectory analysis has been used to explain the essential features of 
US-assisted filtration. Acoustic forces can cause particle trajectories to deviate from 
hydrodynamic pathlines towards particle collectors, thereby enhancing their collection effi¬ 
ciency in comparison to pure hydrodynamic interception. 

Figure 5.10A shows three of the possible directions for membrane irradiation with 
US for the previously discussed dextran aqueous solution and Fig. 5.10B shows the 
resulting permeate flow as compared with the absence of US. An orthogonal direction of 
the flow relative to the US radiation was found to provide the best results; on the other 
hand, a minimal effect was observed when the direction of US propagation opposed that 
of the permeate flow. 
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Figure 5 . 9 . Influence of US frequency (A) and intensity (B) on the permeate flux of a 
1 wt% dextran aqueous solution at an operating pressure of 30 kPa and a feed flow- rate 
of 325 ml/min. (n) 28 kHz, (a) 45 kHz, (o) 100 kHz, (+) without US and (•) for water 
irrespective of the frequency (Reproduced with permission of Elsevier, Ref [92].) 


Osmotic pressure 

The effect of this variable depends strongly on the nature of the particles and their abil¬ 
ity to rapidly form a gel layer [93]. In general, US effectively decreases the osmotic pres¬ 
sure of concentrated polymers; in practice, however, the phenomenon may be much more 
complex [94]. 
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Figure 5.10. (A) Experimental set-up of membrane and US wave. (B) Permeate 
flux change with the filtration time for (a-to-c) filtration. The working frequency for 
(a) (•), (b) (n) and (c) (m) was 45 kHz. (o) corresponds to an experiment in configuration 
(a) without US. The feed flow-rate of 1 wt% dextran solution was 325 ml/min. (Reproduced 
with permission of Elsevier, Ref. [92].) 


Feed flow and particle concentration 

When the filter pore size is greater than the diameter of the particles, these pass through the 
porous barrier and the suspension flows through the chamber unimpeded by the barrier. 
When a high-frequency acoustic field of 2CM0 W is energized, retention of particles within 
the porous barrier is apparent and their collection into dendritic or globular configurations is 
observed. A distinct trapping zone is observed if a suspension is continuously fed to the 
chamber; the front of this zone moves from the bottom of the chamber to the top and forms 
a saturated region within the porous barrier. If the acoustic field is deactivated, the organized 
collection of particles breaks down and the particles can immediately be flushed out with 
continued fluid flow. 
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Since the acoustic field is activated only after the suspension flow is established, the 
particle concentration in the effluent matches that of the feed concentration at the start of 
a given experiment. The effluent concentration drops down to one-fifth of the feed concen¬ 
tration within a given time depending on the concentration of the suspension. This suggests 
that substantial particle retention occurs within the porous medium. The cumulative reten¬ 
tion efficiency can be 80-90%. Saturation is observed after a critical amount of solids has 
been collected within the porous medium. Abrupt changes in concentration are observed in 
the effluent stream for short bursts and, in the intervening periods, additional particle collec¬ 
tion occurs within the porous barrier. 

With an increase in the feed rate, the residence time of the suspension in the acoustic 
field is reduced, and the filtration efficiency correspondingly declines. In addition, the time 
to saturation diminishes with increased flow-rate, which suggests that filtration is limited 
to the space available for particle retention in the porous medium. 

The saturation time is roughly inversely proportional to the feed concentration. Thus, 
for a suspension of polystyrene particles in water, the saturation time changes from 10 to 
4 min when the concentration changes from 0.5 to 1.0 mass/mass% feed [85]. 

A comparison of the previous results with the cleaning effect of ultrasound irradiation 
at the frequencies in the kHz range, which decreases the fouling conditions of filtration 
and ultrafiltration membranes (see Section 2.6.1), clearly reveals that this effect does not 
apply to high-frequency US [95]. 


Nature of the membrane 

The membrane material strongly influences the effect of US energy on filtration. Water 
permeation through a polyacrylonitrile (PAN) membrane from a dextran [96], that of 
NaCI through a nylon membrane coated with amphiphiles [97], the transport of organic 
compounds across a polymer membrane suspension, and that of hydrocortizone and 
benzoic acid through a cellulose membrane and poly-dimethylsiloxane membrane, 
respectively [98], illustrate the influence of the membrane material on the type of particles 
it can retain optimally. 


5.4.3. Dewatering: a broad application field of ultrasound-assisted filtration 

"Deliquoring" or "dewatering" are used to designate the removal of a liquid from a product 
without changing its phase. More specifically, deliquoring refers, as a kind of filtration 
process, to the reduction of moisture content of filter cakes by mechanical means. 

Recent research on acoustic dewatering and drying testifies to the high potential of this 
approach; however, industrial applications are scant and analytical applications remain to 
be developed. It is therefore time to pay some attention to this energy when dewatering and 
drying — otherwise rather commonplace in the analytical laboratory -are required. 

The main effects involved in the use of high-intensity US for deliquoring are (a) alternat¬ 
ing acoustic stresses, (b) radiation pressure, (c) acoustic streaming, (d) interface instabilities 
and (e) cavitation. 

Ultrasonic energy is useful to dewater fine-particle high-concentration suspensions 
such as slurries and sludges. In fact, US stresses produce a kind of sponge effect and 
facilitate the migration of moisture through natural channels or other channels created by 
wave propagation. Other US effects such as acoustic streaming, local heating, interface 
instabilities, agitation and cavitation may also be beneficial for solid-liquid separation. 
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The combined effect of vacuum filtration and sonication in the presence of surface active 
agents is very effective for dewatering fine particles such as those of coal. Under the 
optimal working conditions, a residual cake mixture was found to be substantially reduced 
from 21 to 10% and the filtration rate increased from 4.3 x 10 3 to 10.5 x 10 3 l/m 2 /h [99]. Also, 
the synergistic effect of US and an electrical field produced a more open cake with a higher 
porosity and lower specific resistance for filtration of rutile suspensions. This was a conse¬ 
quence of the acoustic field significantly increasing the measured conductivity of electrolytic 
and rutile suspensions. Thus, US enhances the effect of an applied electric field close to the 
isoelectric point of the suspension by reducing the effective particle size and increasing 
electrophoretic velocities [100]. 


5.4.4. Filterless ultrasound-assisted filtration 

As noted in Section 5.3.3, the ability of US to agglomerate particles enables efficient 
solid-liquid separation without a filter [75-81]. Thus, when ultrasonic standing waves 
of megahertz frequency and laminar flow are combined in a chamber such as those in 
Fig. 5.7, effective solid-liquid separation is accomplished in such a way that the chambers 
have been named "filter chambers" [101]. One pre-requisite for these filters is that the 
sedimenting particles should be brought together to form clumps that will be subject to 
opposing forces from gravity and the upward flow. This principle of operation becomes 
ineffective at low concentrations, where there is insufficient mass for sedimentation, and 
also for microscaling, where the shear forces between particles and the fluid are signifi¬ 
cant. The chamber in Fig. 5.7A is made of stainless steel and consists of a 115-mm long 
channel with a 4 mm long side channel exiting through a slot cut at an angle of 9° by wire 
erosion. Both channels have a cross-section of 10 mm x 0.25 mm. The chamber in 
Fig. 5.7B has similar dimensions and two Perspex side windows to view the suspension 
in the region of the flow division [102]. The pseudo -filters have a 0.25 mm (single half 
wavelength) acoustic pathlength. Standing wave radiation pressure on suspended parti¬ 
cles drive them towards the centre of the acoustic pathlength, and the clarified suspend¬ 
ing phase from the region closest to the filter wall is drawn away through the downstream 
outlet. Experimental tests with these chambers provided >1000-fold clearance of 5 pm 
yeast cells, at a sample flow-rate of 6 ml/min, from which the clarified aliquot was 
1 ml/min. At such a flow-rate, the average residence time in the sound field was <1 s. 
Latex particles of 25, 9, 5.7, 2.8 and 1.5 pm diameter were also tested. These pseudo-f\\- 
ters operate at flow-rates and efficiencies similar to those provided by other methods 
based on centrifugation or membrane filters, with the advantages of very short residence 
times, continuous flow without blocking or refilling and no moving parts other than the flow 
chamber and the pump. In addition, these chambers can be interfaced to other microflu¬ 
idic devices (e.g. dielectrophoretic particle analysers [103], flow injection analysers [104], 
micro-pumps [105], mixers [106], DNA chips [107], heat exchangers [108]). 

Silicon microfluidic ultrasonic separators [109] and copper-epoxy laminate-based 
printed circuit boards [110] can also be used for microscale separation. 

An early comparison of US and dielectrophoretic separations revealed the lower 
size limits of microparticles (0.65 pm for single particles and 14 nm for particle ensem¬ 
bles) manipulated by dielectrophoresis to be similar to those for ultrasonic fields (0.25 pm 
in intermediate volume suspensions to 40 nm in microchamber assemblies). Unlike 
US-assisted separations, dielectrophoretic separations require either very low volumes 
to avoid heating in salt-containing suspensions or desalination prior to separation in the 
field [111]. 



170 


Ultrasound Assistance to Heterogeneous Systems 


5.5. SONOPHORESIS 

Transdermal drug delivery constitutes a key advance in painless delivery of drugs to 
be frequently given to patients (e.g. those for insulin-dependent diabetes). However, 
transdermal drug delivery is limited to a short list of drugs owing to the low permeabiliy 
of many through the stratum corneum — the primary barrier of the skin. Various 
approaches including chemical enhancement [112], iontophoresis and electroporation 
[113], and sonophoresis [114], have been tested with a view to improving drug transport 
through the skin. Sonophoresis has received special attention on account of its charac¬ 
teristics and has so far provided very promising results. Recently, the use of "reverse 
sonophoresis" has opened up new avenues for sampling with monitoring and (or) diagnos¬ 
tic purposes [115]. 


5.5.1. Mechanism of ultrasound action in transdermal transport 

Notwithstanding the large number of studies conducted towards its elucidation over the 
past 20 years, the mechanism of US action in transdermal transport remains poorly 
understood. As suggested by several research groups, one possible way by which 
US improves percutaneous transport is through interaction with structural lipids in the 
intercellular channels of the stratum corneum, similar to some chemical transdermal 
enhancers, which act by disordering lipids. Also, US is believed to increase transdermal 
permeability through the transfollicular and transepidermal routes; microscopic bubbles 
formed by cavitation at the surface of the skin under US vibration might generate a rapid 
liquid flow, thereby increasing skin permeability. 

The role played by various US-related phenomena, including cavitation, thermal 
effects, generation of convective velocities and mechanical effects, has led some authors 
to hypothesize that transdermal transport during low-frequency US application occurs 
across keratinocytes rather than through hair follicles; therefore, cavitation will be the 
source of disorder of the stratum corneum lipids and result in significant water penetra¬ 
tion into the disordered lipid region, which may lead to the formation of aqueous channels 
through which permeants can move. Studies aimed at elucidating the transport pathway 
enhanced by low-frequency sonophoresis, the relationship between solvent [tritiated 
water ( 3 H 2 0)] and flux in pi and solute transport clearance across the hairless rat skin, 
have recently been reported. The basis for elucidation was the relationship between 
solute clearance and solvent (water) flux, which were monitored by confocal microscopy. 
Based on the results, the transdermal transport induced by convective solvent flow prob¬ 
ably occurs via corneocytes and stratum corneum lipids; however, US also potentially 
pushes a vehicle such as water into the skin by asymmetric collapse of transient cavita¬ 
tion bubbles on the liquid-solid interface [116]. 

In heat-stripped stratum corneum exposed to US, convection plays a key role and 
the effective pore radius produced in the skin is much larger than that in full-thickness 
skin. 

The definitive role that cavitation plays in the enhancing mechanism has been 
described and predicted by using suitable mathematical models, which have also 
been employed to evaluate three modes of bubble cavitation (namely shock-wave 
emission, microjet penetration and microjet impact) on the stratum corneum. Both 
microjets and spherical collapses were found to be potentially responsible for the enhanc¬ 
ing effect [117]. 
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5.5.2. Biological effects of ultrasound 

Low-frequency US, such as that used in sonophoresis, has various effects (thermal, 
cavitational, acoustic streaming, dermal) on biological tissues. 


Thermal effects 

Absorption of US by a medium invariably increases its temperature. Those materials that 
possess high US absorption coefficients (e.g. bone) experience severe thermal effects 
compared with, for example, muscle tissue, which has a low absorption coefficient. 
The increase in temperature upon US exposure at a given frequency varies directly with 
the US intensity and exposure time. The absorption coefficient of a medium increases 
with increasing US frequency and so does the temperature as a result. In this context, the 
time threshold (TT) indicates the time after which a threshold temperature rise is 
exceeded and hence how long a piece of tissue can be safely exposed to US provided 
the safe TT is known. 


Cavitational effects 

Collapse of cavitation bubbles releases a shock wave that can cause structural alteration 
in the surrounding tissue. Tissues contain air pockets that are trapped in the fibrous struc¬ 
tures and act as nuclei for cavitation upon US exposure. The cavitation effect varies 
inversely with US frequency and directly with US intensity. 


Acoustic streaming effects 

The shear stresses developed by streaming velocities may affect the neighbouring tissue 
structures. Acoustic streaming may be important when the medium has an acoustic 
impedance different from that of its surroundings, the fluid in the biological medium is free 
to move or continuous waves are applied. 


Effect of ultrasound on skin 

A study of the effect of US at variable frequencies and intensities (namely, 1 MHz, 2 W/cm 2 ; 
48 kHz, 0.5 W/cm 2 ; and 20 kHz, 12.5-225 mW/cm 2 ) on animal skin revealed that no 
damage to the epidermis or underlying living tissues occurred provided the application 
parameters (e.g. application duration, frequency and intensity) were properly controlled. 


5.5.3. Variables influencing sonophoresis 

In vitro and in vivo studies on sonophoresis have allowed the variables to be optimized in 
developing sonophoretic experiments to be identified. Such variables pertain mainly to the 
irradiation source (namely, US frequency and intensity, application time and pulse length, 
and also the distance of the horn to the skin); others such as the nature of the permeant 
should also be considered, however. 
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Ultrasound frequency and intensity 

Clinical applications use three different US regions, namely: high-frequency (3-20 MHz) 
or diagnostic US for clinical imaging; medium-frequency (0.7-3.0 MHz) or therapeutic US 
in physical therapy, and low-frequency (18-100 kHz) or power US for lithotripsy, cataract 
emulsification, liposuction, cancer therapy, dental descaling and US scalpels. The three 
regions have been assayed for enhancing transdermal drug delivery. While diagnostic US 
has insubstantial sonophoretic effects, therapeutic US under identical operating 
conditions is about 10 times more efficient, and power US enhancements are up to 
1000 times higher than therapeutic US. In addition, low-frequency US reduces skin resist¬ 
ance by up to 50% and increases the permeability resistance to tritiated water by a factor 
of 4.5; this suggests that US causes some degree of structural alteration [116]. 

An intensity threshold exists for each individual system below which US has no effect 
on transdermal delivery. Thus, the transdermal delivery of insulin to hairless rats under 
20 kHz-US for 60 min at three different intensities (2.5, 5.0 and 10 W/cm 2 ) with 0.1 s 
pulses each 6 min revealed the following: no significant change in the blood glucose level 
relative to the control was observed at 2.5 W/cm 2 ; only a slight change was found at 
5 W/cm 2 ; and a significant reduction (ca. 40%) was observed at 10 W/cm 2 [118]. 

At a constant frequency of 41 kHz, increasing the US intensity stepwise over the range 
60-300 mW/cm 2 , increased transport in tritiated water by a factor of up to 140 in an inten¬ 
sity-dependent manner, normal transport levels being recovered on stopping US applica¬ 
tion. The water flux induced by 41 kHz US at 300 mW/cm 2 was 1465 + 512 pl/h, which is 
roughly 100 times higher than that obtained by iontophoresis at 1.5 mA/cm 2 [116]. 

Skin conductivity enhancement and cavitation depend on the US intensity and 
frequency. The relationship between cavitation and intensity is complex (see Chapter 1). 
The skin conductivity enhancement is proportional to the US intensity up to 14 W/cm 2 at 
a frequency of 20 kHz and distance between the horn and the skin of 1 cm; however, the 
linear relationship does not hold good at higher intensities owing to the formation of a 
cavitation cloud near the US source that reduces the amount of energy delivered to the 
skin. The intensity providing the greatest skin conductivity enhancement depends on the 
particular US frequency. 

The dependence of the enhancement on US intensity, pulse length and application 
time can be combined into a single parameter, namely the total density delivered by the 
transducer (E = intensity x application time x pulse duration). There is a threshold energy 
density for skin permeability to be affected, which is approximately 200 J/cm 2 at the 
applied frequency [119]. 


Ultrasound application time 

Sonophoresis can be implemented in two different ways, namely: (a) by simultaneously 
applying the drug and US to the skin, and (b) with a US pre-treatment. The former is more 
effective than the latter as it enhances transdermal transport in two ways (namely, by 
enhancing diffusion through structural alterations of the skin, and by inducing convection). 
Sonophoretically induced transdermal transport enhancement decreases after US is 
switched off. Although this method can be used to achieve temporal control over skin 
permeability, it requires patients to use a wearable US device for drug delivery. The US 
pre-treatment enhances skin conductivity to a variable extent. The effect is illustrated in 
Fig. 5.11A, which was obtained at a frequency of 20 kHz, a distance of the horn to 
the skin of 1 cm, and an intensity of 7.44 W/cm 2 , using pulses of 30 s each 1 min. 



Ultrasound Assistance to Heterogeneous Systems 


173 





Figure 5.11. (A) Variation of the skin conductivity enhancement with time during 
US exposure. (B) Variation of the 3 H-mannitol skin conductivity enhancement for 24 h 
with the US pre-treatment time (20 kHz, 7.44 W/cm 2 and 5 s pulses applied every 10 s). 
(C) Variation of the skin conductivity enhancement with the distance of the horn 
from the skin (application time, 12 min). Vertical bars indicate SD values for n - 3. 
(Reproduced with permission of Elsevier, Ref. [119].) 
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Figure 5.11B, obtained under the same operating conditions, shows that the skin conduc¬ 
tivity enhancement for mannitol as measured after 24 h of US pre-treatment was propor¬ 
tional to the pre-treatment time [119]. Also, increasing the overall US-application time and 
pulse length in the transdermal delivery of insulin to hairless rats enhanced transport of 
the drug and lowered the blood glucose level as a result [118]. 


Distance of the horn to the skin 

Figure 5.11C illustrates the dependence of the skin conductivity enhancement on the 
distance of the horn from the skin at an application time of 12 min, a frequency of 20 kHz, 
and an intensity of 7.44 W/cm 2 , using pulses 5 s out 10 s. As can be seen, skin conduc¬ 
tivity increased with decreasing distance of the horn from the skin. 


Contribution of thermal effects to ultrasound-enhanced transport 

There is a proportional — albeit not purely linear — relationship between the amount of 
energy delivered by a US device and the increase in temperature of the vehicle in contact 
with the skin. At a 20 kHz US frequency, US intensities above 8 W/cm 2 significantly 
increases the temperature of the vehicle, viz. about 10-20°C for intensities from 8.1 to 
15 W/cm 2 at the end of a 2-h treatment — interestingly, half of the temperature rise 
occurs within only 10 min of US application. Tests under isothermal control have revealed 
that about 25% of the skin permeability enhancement produced by sonophoresis can be 
ascribed solely to a thermal effect [120]. 


Physico-chemical characteristics of the permeants and barrier effects 

Studies on the clearance (jil/h) of model hydrophilic solutes such as calcein (MW 623) 
and dextrans FD-4 (MW 4400) and FD-40 (MW 38000) in tritiated water across the skin 
under the influence of US have revealed a good flux correlation with 3 H 2 0. Unexpectedly, 
the slopes obtained by linear regression of the plots were consistent for all solutes 
examined [116]. In other words, the permeability coefficients of the solutes were compa¬ 
rable with those of tritiated water and independent of molecular size up to 40 kDa under 
the effect of US. This can be ascribed to the above-described asymmetric collapse of 
transient cavitation bubbles at the liquid-solid interface, which can produce transport 
routes for hydrophilic solutes in the stratium corneum. 

The lipophilicity of the permeant is one other factor influencing the US transdermal 
enhancement; its precise effect has not yet been clearly established, however. 

Unlike iontophoresis, which acts on the transporting molecules and ions, US has been 
shown to act on the skin barrier itself. The effects of sonophoresis depend on the "quality" of 
the barrier that is subject to US treatment; thus, barriers which are intrinsically more 
permeable will be more liable to physical perturbation by US and vice versa. This may explain 
why the most successful attempts at the US-assisted extraction of glucose across the skin 
involved the use of a surfactant or chemical enhancer to better "normalize" the increased 
transport effects observed. One of the challenges in pretreatment-type sonophoresis is that 
the degree of skin permeability must be determined prior to drug placement. 

When new US devices for sonophoresis are designed and constructed, their effects 
are checked on artificial membranes. The use of silicone membranes and over-saturated 
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lidocaine solutions to study the performance of a new device revealed that the structure 
of the sonicated membranes was irreversibly damaged [121]. 


5.5.4. Ultrasound devices for sonophoresis 

One of the key issues for the success of sonophoresis technology remains the development 
of US devices that enable transdermal transport with a low cost, and small enough phys¬ 
ical size and weight. Although low-frequency sonophoresis has been extensively studied 
over the past ten years, no commercial devices are available to date. The principal diffi¬ 
culty lies in developing a miniaturized low-frequency device that is powerful enough to 
create pathways within the skin. Two prototypes of low-frequency sonophoresis devices 
have been subjected to preliminary human pilot trials. One is a US skin-permeation appa¬ 
ratus (the SonoPre R [122]), which was used in a Phase I clinical study on patients with 
diabetes [123] and for rapid cutaneous anesthesia [124]. The other (the EX1-4), which 
comprises a four-element transducer array containing a special cymbal transducer, was 
developed by Encapsulation Systems [125] and also used for transdermal insulin delivery. 
Various devices using horn- or disk-type transducers have been patented [122, 126-128]. 

A sonophoresis device with a flat flextensional US transducer has also been reported 
[121]. Vibration plates made of three different materials were simulated with the finite 
element method before fabrication and subsequent investigation of their properties. 
Compared to other types of flextensional US transducers, they have a simple structure, 
provide intensities at par with those of commercial sonicators and are easier and more 
inexpensive to produce. 


5.5.5. Synergistic effects of ultrasound on transdermal transport 

Ultrasound may enhance transdermal transport by inducing skin alteration and active 
transport (forced convention) in the skin. Various other means of transport enhancement, 
including chemicals, iontophoresis and electroporation, may enhance transport synergis- 
tically with US. Thus, the evaluation of the synergistic effect of low-frequency US with 
chemical enhancers and surfactants for permeation of mannitol revealed that application 
of US or sodium lauryl sulfate (SLS) alone, both for 90 min, increased skin permeability 
about 8 and 3 times, respectively. However, the combined use of US and a 1% SLS 
solution increased the skin permeability 200 times to mannitol [129]. 

Ultrasound also reduces the threshold voltage for electroporation and increases trans¬ 
dermal transport at a given electroporation voltage. The enhancement of transdermal 
transport induced by their combined use is greater than their combined individual 
enhancements [130]. Similar conclusions have been obtained by combining US and 
electric current. Because US reduces skin resistivity, a lower voltage is required to deliver 
a given current during iontophoresis compared to the controls. This results in lower power 
requirement and less skin irritation [131]. 


5.5.6. Future trends in sonophoresis 

Sonophoresis is a very promising technique in a number of fields, the most salient of 
which are discussed below. 
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In recent years, the potential of using the skin for vaccination purposes has received 
a great deal of attention [132]. One of the more promising ways of enhancing skin 
permeability to enable transdermal transport of large molecules or complexes for transcu¬ 
taneous immunization is sonophoresis. 

Another potential future application of US as a topical enhancer lies in topical gene 
therapy [133,134]. Gene therapy is a technique for correcting defective genes that are 
responsible for disease development, most commonly by replacing an "abnormal" disease- 
causing gene with the "normal" gene. A carrier molecule (vector) is commonly used to 
deliver the therapeutic gene to the target cell. Topical delivery of the vector-gene complex 
can be used for target cells within the skin, as well as for systemic circulation. Additional 
applications may include the healing of cutaneous wounds such as severe burns and 
skin wounds of diabetic origin. Topical gene therapy requires the penetration of a large 
complex to or through the skin, which can be efficiently assisted by US to ensure 
adequate skin permeability. 

The most salient analytical application of sonophoresis at present is for sampling 
through the skin. Studies on transdermal transport of glucose have been promoted by 
the growing interest in developing non-invasive technologies for monitoring blood sugar 
levels in diabetics. Because the enzymatic biotransformation of glucosylceramides by 
(3-glucocerebrosidase produces an endogenous glucose "depot" within the skin and exoge¬ 
nous glucose can also be metabolized during its transdermal passage, an unequivocal 
interpretation of sonophoretically enhanced glucose transport is complicated [120,135]. 

One of the points requiring in-depth research as regards the medical uses of US is 
safety. The use of US as both a technical tool and a therapeutic agent in medicine has 
raised much concern about US bioeffects and safety. The World Federation for Ultrasound 
in Medicine and Biology has issued several publications on the safety of US bioeffects, 
specifically addressing thermal bioeffects [136] and non-thermal bioeffects [137] in an 
attempt at reaching an international consensus and adopting a common policy on safety 
guidelines. The use of ultrasound as an aid to increase skin permeability relies on its 
non-thermal bioeffects — mostly cavitation. In view of this, much attention should be paid 
to the issue of US affecting the structure of the skin. The reversibility or irreversibility of 
the changes experienced by the skin and the role of the free radicals generated during 
the cavitation process within the skin require further research with a view to establishing 
acceptable US parameter values for safe exposure. 


5.6. ULTRASOUND-ASSISTED CRYSTALLIZATION 
(SONOCRYSTALLIZATION) 

Crystallization is a process used in many industrial domains including chemical, 
pharmaceutical and pretrochemical industries. Research into the influence of US on crys¬ 
tallization processes conducted over the last 70 years has revealed that the nucleation of 
solid crystals from a number of liquids ranging from organic fluids to metals is affected by 
the presence of US waves. However, the precise mechanisms for US action on crystal¬ 
lization remain to be established. Nucleation processes — viz. production of microscopic 
crystals — are classified in Fig. 5.12. The so-called "primary nucleation" occurs when 
a crystal is nucleated in a solution containing no pre-existing crystals. On the other hand, 
nucleation induced in the bulk of a liquid in the absence of solid surfaces is called 
"homogeneous nucleation". If a solid interface — whether a container wall or a pre¬ 
existent crystal — is involved, the process is called "heterogeneous nucleation". Finally, 
nucleation induced by pre-existing crystals is called "secondary nucleation" and results 
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Figure 5.12. Classification of nucleation processes. 


from the crystals either acting as templates for new crystal nuclei or fragmenting to pro¬ 
duce more nucleation sites. 

Crystallization in the presence of an ultrasonic wave (sonocrystallization) exhibits a 
number of features specific to the US wave that clearly distinguishes it from crystallization 
in its absence. For most materials, such features include, (a) faster primary nucleation, 
which is fairly uniform thorough the sonicated volume; (b) relatively easy nucleation in 
materials which are usually difficult to nucleate otherwise; (c) the initiation of secondary 
nucleation; and (d) the production of smaller, purer crystals that are more uniform in size. 

Ultrasound has been shown to significantly influence the reduction of agglomeration 
under given conditions. Three US effects may contribute to this phenomenon. Thus, the 
shock wave, which is caused by cavitation, can shorten contact between crystals to an 
extent precluding their bonding together. Also, some agglomeration invariably occurs at 
the nucleation stage. Nuclei possess a high surface area to volume ratio; this results in 
a high surface tension, which the nuclei tend to lower by adhering to one another. The 
surface tension decreases as crystals grow larger and become more stable, which hinder 
agglomeration. Finally, the excellent mixing conditions created by US also reduce agglom¬ 
eration through control of the local nucleus population. In fact, US decreases the nucle¬ 
ation rate and probability of contact between nuclei, thereby significantly reducing 
agglomeration. 


5.6.1. Effects of ultrasound on crystallization 

Both types of US effects (namely physical, which facilitate mixing-homogenization, and 
chemical, resulting from radical formation through cavitation) influence crystallization by 
altering the principal variables involved in this physical process (namely induction period, 
supersaturation concentration and metastable zone width). These effects vary in strength 
with the nature of the US source and its location; also, their influence is a function of the 
particular medium to which this form of energy is applied. 
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Induction period and supersaturation conditions 

This parameter (f ind ) is defined as the time elapsed between the creation of supersatura¬ 
tion and the appearance of crystals, and decreases as supersaturation increases. 
Mathematical equations for the induction time that hold for all nuclei forming and growing 
in a saturated solution have been reported [138]. The induction time is usually determined 
from conductivity measurements. Thus, the formation of crystals is signaled by a drop in 
the solution conductivity. The crystallization time is taken to be the time where the deriv¬ 
ative of the conductivity with respect to time becomes negative. 

The induction time is dramatically reduced by the presence of US; the effect, however, 
depends on the particular medium and working conditions. Thus, at an absolute super¬ 
saturation of 0.0156 g K 2 S0 4 /g water, the induction time in the absence and presence of 
US was found to be 9000 and 1000 s, respectively. Also, the conductivity decreased faster 
with US than without US. Because the conductivity was proportional to the potassium 
sulphate concentration, this difference suggests that more crystalline matter was formed 
in the presence of US [139]. 

The effect of US on f ind is especially significant at low absolute supersaturations; 
thus, contradictory results have been obtained for highly supersaturated solutions [140]. 
Figure 5.13 illustrates the effects for the anti-solvent crystallization of roxithromycin in an 
acetone-water mixture [141]. As can be seen in Fig. 5.13A, the induction time decreased 
as supersaturation increased, whether or not US was applied. However, US significantly 
reduces the induction time, particularly at low supersaturations. Therefore, the effect of 
US on nucleation is stronger than that of high supersaturation levels [142]. 

Figure 5.13B shows the variation of ln(f ind ) with ln(cr) (cr being relative supersolubility) 
in the presence and absence of US. The slope and intercept of the straight line obtained 
with US were 2.01 and 9.04, respectively, and those obtained in its absence were 
1.95 and 7.59. The apparent nucleation orders were very similar and suggestive of a 
diffusion-controlled mechanism. The nucleation constant (/c N ) was increased 4.25 times 
by US as a result of the significantly increased nucleation. Although the shortening of the 
induction time by US has been ascribed to a wall temperature effect, it results largely from 
the strong specific effect of US on nucleation [139]. 

Figure 5.13C shows the linear relationship between ln(f ind ) and ln _2 (S) (S being 
the supersaturation ratio), consistent with the typical results for crystallization processes. 
As can be seen, the slopes are high; the supersaturation ratio is relatively high and the 
lines exhibit no inflection points. This suggests the prevalence of homogeneous nucle¬ 
ation. The temperature at which absolute supersaturation (calculated as the difference 
between the actual concentration and the saturation concentration) occurs is also influ¬ 
enced by US. In the previous experiment, the maximum cooling time in the absence of 
US, about 900 s, shortened to 450 s in the presence of US. 


Metastable zone width 

The metastable zone width can also be reduced by the application of US. The apparent 
order of nucleation or growth is decreased by US. Based on available evidence, the 
metastable zone width can be reduced simply by applying a low US power. Thus, US 
decreases the apparent order of the primary nucleation rate and increases the rate of 
appearance of the solid. Seemingly, US modifies the mechanism of nucleation itself as 
its presence strongly reduces the apparent order of nucleation. 
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Figure 5.13. Effects of US on crystallization parameters. (A) Influence of US on the 
induction period of roxithromycin. (B) Variation of the induction time as a function of the 
relative supersolubility. (C) Variation of the induction time as a function of the supersaturation 
ratio. (D) Effect of US on the metastable zone of roxithromycin, (a) with US, (•) without US, 
(+) solubility curve (Reproduced with permission of Elsevier, Ref. [141]) 








180 


Ultrasound Assistance to Heterogeneous Systems 


The increase in the nucleation rate can be ascribed to the presence of shock waves 
in the solution. In fact, the waves can raise the probability of collision of a molecule and 
a molecular aggregate. 

The fact that US decreases the supersaturation limit has been ascribed to its raising 
the nucleation temperature. Thus, during nucleation, the cooling rate remains roughly 
constant; under silent conditions, however, a temperature rise is observed. After nucle¬ 
ation, the cooling rate decreases as the US power is raised. Two opposing effects are 
involved, namely cooling is decelerated by the crystallization heat, but heat exchange 
is improved. 

Ultrasound can induce nucleation under conditions where spontaneous primary 
nucleation cannot occur in its absence. Also, US can prevent seeding and hence foreign 
particles from reaching the solution. 

Figure 5.13D shows the effect of US on the metastable zone of roxithromycin [141]. 
As can be seen, US significantly reduces the metastable zone width; therefore, a super¬ 
saturated solution is much more unstable under a US field. 


5.6.2. Ultrasound-related variables and their effects on crystallization 

The contradictory effects of US-related variables on crystallyzation occasionally reported 
can be ascribed to considerable differences in working conditions and the nature of the 
studied systems. 


Effect of ultrasound frequency 

The ultrasound typically used in common crystallization media (mainly aqueous media) 
falls in the low-frequency range. 

Low-frequency US waves of variable frequency (namely, 15, 20, 25 and 30 kHz) used 
for sonocrystallization were found to result in no substantial differences in shape, mean 
size or size distribution in the resulting crystals. Therefore, these wavelengths seem to 
have the same influence on nucleation and crystal growth. One possible explanation is 
that they are much larger than the size of the nuclei and crystals. 

High-frequency US has been used to assist crystallization around the glass transition 
temperature for metallic glass; dramatic effect has been found which has been ascribed 
to rapid crystallization caused by a stochastic resonance in which the jump frequency 
of atoms matches the frequency of the interatomic potential change by the US 
vibration [143]. 


Effect of ultrasound intensity, power and horn tip size 

Increasing the US intensity and diameter of the horn tip increases the crystallization rate. 
Figure 5.14 illustrates the individual and combined effects of these variables in the crys¬ 
tallization of calcium carbonate at different US intensities and horn tip diameters of 3, 14 
and 22 mm. As can be seen in Fig. 5.14A, increasing the US intensity decreased the Ca 2+ 
concentration in the medium and increased the amount of crystallized matter formed. 
A similar effect was observed by increasing the diameter of the horn tip or the product of 
the US intensity and the square root of the horn tip area, which additionally increased the 
crystallization rate (see Figs. 5.14B and 5.14C). These two effects physically contribute to 
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Figure 5.14. (A) Influence of US intensity on calcium carbonate crystallization 
expressed as free [Ca 2+ ]. US intensity: (u) 250 W/cm 2 , (o) 105 W/cm 2 (horn tip diameter 
and immersion depth 3 mm and 3 cm, respectively). (B) Variation of the crystallization 
rate of calcium carbonate with the US intensity at variable horn tip diameters: (m) 3 mm, 
(A) 14 mm, (•) 22 mm (horn immersion depth 3 cm). (C) Variation of the crystallization 
rate of calcium carbonate with the product of the US intensity and square root of the 
horn tip area. Horn tip diameter and immersion depth as in B. (D) Variation of the particle 
size of hydroxyapatite as a function of the US power (Reproduced with permission of 
Elsevier, Refs. [142], [144].) 


the liquid flow patterns in the reaction vessel. An increase in US intensity is expected to 
result in heavier flow, while one in horn tip diameter should lead to more uniform flow 
patterns. From these patterns, it can be concluded that the effect of cavitation known as 
"microstreaming" contributes little to crystallization, and it is more markedly affected by 
macrostreaming [142]. 

As can be seen in Fig. 5.14D for crystallization of hydroxyapatite (HAp), increasing the 
US power decreases the particle size [144]. No HAp crystals formed above 300 W; below 
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this threshold, however, the particle size of the crystals formed increased with decreasing 
US power. Therefore, the particle size of the crystal can be controlled through the US power 
applied. With other inorganic and organic crystals, raising the US power produces shorter, 
thicker crystals; this can be ascribed to mass transfer in the mixture being effectively accel¬ 
erated and the driving force of crystallization — the driving force excepted — increasing as 
a result. With large kinetic energies and speeds, the solute molecules will have an increased 
opportunity to collide with each other, penetrate the stagnant film and hence insert them¬ 
selves into the crystal lattice more uniformly and easily. As the shape of the crystal depends 
on the growth rate at each face of the crystal, one may assume that the speed of insonated 
molecules is fast enough for them to approach each side of the crystal to compensate partly 
for differences in growth rate on each side in conventional crystallization, where diffusion 
control may occur. If so, one can expect a crystal insonated with a larger energy to be 
shorter and thicker [145]. In this way, sonocrystallization provides a method for obtaining 
small crystals similar to supercritical fluid micronization, but with lower equipment costs and 
the ability to operate under ambient conditions. 

The effect of US power on formed crystals was studied at 0, 10 and 100 W by 
suspending potash alum crystals in a potash alum saturated solution for 3 h. Conductivity 
measurements showed that there was neither dissolution nor crystallization, but electron 
scanning microscopy revealed that the shape of the crystals changed due to erosion. 
Also, crystal size decreased with increasing US power. Size analysis confirmed the 
appearance of small particles upon application of US. The amount of smaller crystals 
formed was modest at a low power (10 W) but increased dramatically with increasing US 
power; an abrasion effect was therefore clearly involved [146]. 


Effect of horn immersion depth 

With a US homogenizes the flow pattern of the liquid depends on the distance from the 
horn tip. Since flow pattern (mixing) is the physical effect of US irradiation, any change in 
the flow pattern due to horn immersion may affect the crystallization rate. There is an 
optimal, specific horn immersion depth for each US device and irradiated medium which 
must be established experimentally on a case by case basis. 


Effect of the volume of ultrasonicated solution 

The mean crystal size is known to increase with increasing the volume of the insonated 
mixture. One explanation for this behaviour is that a fixed US wave in a larger container 
produces weaker penetrating and reflecting waves, so vibration and cavitation at some 
point in the liquid are lower. This results in fewer nuclei, and hence in larger crystals being 
formed. Also, increased liquid volumes provide larger free spaces for crystals to reduce 
collision and abrasion with each other. 


Effect of ultrasound duration 

Increasing the US irradiation time gives rise to the following sequence: at short times, the 
US wave fails to blend the solution and precipitant uniformly, so little precipitate is 
obtained after insonation; longer times produce apparent crystals, the size of which 
decreases under continuous sonication [147]. 
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Effect of ultrasound on crystal characteristics 

Whether US irradiation affects the characteristics of the crystals formed seemingly 
depends on the particular system. Thus, some authors have obtained similar crystals 
in the presence and absence of US [140,142], whereas others have reported substantial 
differences [148,149]. In the antisolvent crystallization of roxithromycin in an 
acetone-water mixture, the crystals exhibit a hexagonal and rhombus shape in the 
absence and presence of US, respectively [141]. This has been ascribed to an increased 
or decreased growth rate of some crystal faces under the influence of hot spots, which 
can alter the crystal lattice; on the other hand, abrasion may have some effect on the 
crystal habit. 

Induction time models have shown that the principal mechanism behind US effect is 
heterogeneous primary nucleation. Based on various models for classical primary 
nucleation, US seems to decrease the activation energy and reduce the critical radius as 
a result. 


5.6.3. Special ultrasound-assisted crystallization systems 

Ice and oil are affected in a special manner by US as regards crystallization. 


Sonocrystallization of ice 

The phase diagram of ice is very unusual. Thus, its freezing point decreases as the ambi¬ 
ent pressure increases to about 2 kbar. Eight different phases of ice have been observed, 
depending on the temperature and pressure conditions. Also, unlike most materials, water 
expands during freezing. While the melting temperature of ice is constant at a given 
pressure, the nucleation of water to form ice can occur within a temperature range called 
the "supercooling range", depending on some physico-chemical properties of the sample 
such as volume, purity and gas content. The supercooling range of water spans temper¬ 
atures from 0 to — 40 °C (at ambient pressure); the addition of other molecules such as 
sucrose to water can be used to decrease the nucleation temperature under normal 
(control) conditions. Ice crystals grown in sucrose solutions also usually exhibit more 
dendritic ice structures. 

The earliest work on the sonocrystallization of ice was published in 1964 [150]; 
primary nucleation of ice was found to occur at higher temperatures in the presence of a 
US wave — consistent with the expansion of water upon freezing. Since then, experimen¬ 
tal research on the effects of US has focused on the primary nucleation temperature and 
the effect of a US field on the growth of an ice crystal or on the final crystal morphology 
has scarcely been studied. Although some attempts have been made to assess the 
degree of reproducibility of the experiments, the actual results have varied between 
authors. In any case, it appears that some link between the nucleation of ice crystals and 
that of cavitation can be expected because the general circumstances under which they 
occur are broadly similar. Even some probability that US-induced ice nucleation increases 
when the solution is supersaturated with air bubbles has been shown [151]. Studies of 
both primary and secondary nucleation of ice in sucrose solutions have shown that both 
can be achieved at higher nucleation temperatures in the presence of US. These nucle¬ 
ation temperatures can be reproduced with a lower standard deviation and a greater 
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precision than under the control conditions — without US. Increasing the US output level 
and pulse duration raises the nucleation temperature [152]. 


Sonocrystallization of oil 

The key effect of cavitation on crystallization and the widely documented effect of this 
phenomenon on the production of free radicals have restricted the use of US with crystalliza¬ 
tion systems involving fats — and oil in particular. Fats are known to easily produce free rad¬ 
icals that lead to "off-flavours" when high power US devices are used [153]. For this reason, 
although the structure of the final product might be improved, the presence of "off-flavours" 
has prevented US from being a viable choice for the crystallization of edible fats. Studies on 
oils of variable oxidant stability (that is, with variable ability to produce free radicals under US 
action), such as palm and sunflower oils, under different US conditions (namely variable 
intensity, power and application time, both below and above the cavitational threshold), led to 
the following conclusions for palm oil: (1) below and far from the cavitational threshold, a 
sample subjected to US became viscous and the crystals it formed were of a more uniform 
size and heavier than in the control sample, the matrix surrounding the crystals appearing as 
if it had been filled with a network of hairs or needles. (2) Increasing the intensity — still below 
the cavitation threshold — led to a different product (namely crystals mainly at the base of the 
cell with some floating at the top of suspension in the liquid). (3) At an intensity even below, 
but very close to the threshold, the sample was very smooth and similar to face cream in 
consistency; also, the crystals were uniform and small, with no liquid present, thus suggesting 
the presence of many nucleation sites that produced crystals simultaneously. (4) The crystals 
formed at intensities above the threshold were similar to those obtained under silent condi¬ 
tions. (5) Far below the threshold intensity of US, the crystal structures of the control and ultra- 
sonicated samples were very different, but there was little difference in crystallization time or 
temperature — this suggests that a threshold exists below which the crystallization kinetics is 
not altered. (6) There was a minimum time and a maximum temperature at which crystalliza¬ 
tion started when the US intensity was close to but below the cavitational threshold. 

In short, for a given fat, once the range of crystal structures has been determined, it is 
possible to select a particular texture by choosing an appropriate US intensity. In this way, 
under a constant cooling regime, it is possible to vary the structure of the final product 
from a material looking similar to cottage cheese through to a fine cream simply by 
varying the US intensity below the threshold [154]. 


5.7. ULTRASOUND-ASSISTED NEBULIZATION 

Ultrasound assisted aerosol formation or nebulization prior to sample insertion into an 
atomic detector is dealt with in Chapter 8 on the grounds of its close relationship to the 
instrument in spatial and temporal terms. Also, as a step of spray drying, known as "atom¬ 
ization ", is discussed in Chapter 2 inasmuch it can be used for sample conservation pur¬ 
poses and hence as an analytical operation preceding sample preparation. This section 
is concerned with other non-analytical uses of US-assisted aerosol formation that are 
closely related to the analytical field and can open new avenues for the development of 
previously unexplored analytical uses. 

Ultrasound-assisted nebulization is largely used in the clinical field, where the word 
"aerosolization" or "aerosoling" is used preferentially over "nebulization", and industrial 
field, where "US-assisted nebulization" and "US-assisted spraying" are preferred. 
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5.7.1. Ultrasound-assisted aerosolization 

Pulmonary administration of pharmaceutical compounds using aerosols is a common 
clinical practice due to its relatively easy use. It is generally accepted that aerosol parti¬ 
cles of 1-5 pm in size are required for deposition in the alveolar region of the lung, which 
exhibits the highest systemic absorption; however, particles less than 1 pm in diameter 
are more easily incorporated into the "respirable percentage" of aerosolized droplets. 

The particle size distribution of an aerosol can vary significantly by effect of tempera¬ 
ture and concentration changes in the aerosolized droplets over time. The two most 
common types of commercial aerosolization devices, wz. air-jet and ultrasonic nebulizers, 
are known to result in an increase in concentration of dissolved drugs during aerosoling. 
Also, the latent heat of evaporation is known to lower the temperature of the nebulizing 
solution in an air-jet nebulizer. By contrast, the temperature rise in a drug solution in a US 
nebulizer increases the drug concentration. 

Aerosol droplet size is influenced by physical variables such as surface tension, 
viscosity, saturated vapour pressure and temperature. A decrease in the first three 
decreases droplet size. Because a decrease in temperature increases all three variables, 
it also increases the difficulty of aerosol formation. Droplet diameter is related to the 
US frequency [155] and other physical parameters by the following equation: 

D g = a (8kg/ p) V3 f- 213 (5.1) 

where D g is the droplet diameter, a is an experimental constant, cr and p are the 
surface and density of the liquid, and Hhe US frequency. As can easily be inferred from 
the equation, effective aerosol formation requires the use of high-frequency US. 

The use of surfactants to modify the surface tension of an aerosol and alter its droplet size 
distribution has shown that their influence depends strongly on the characteristics of the solu¬ 
tion to be aerosoled. The span, defined as 90% undersize — 10% undersize/50% undersize, 
gives a measure of the width of the volume distribution relative to the median diameter of the 
droplets formed in the aerosoling process. Comparative studies performed with commercial 
air-jet and US nebulizers have shown that, under similar working conditions, the latter provide 
less heterodispersed aerosols, with span values ranging from 1.50 to 1.75, which are similar 
for aqueous drug solutions in the presence and absence of surfactants [156]. 

One undesirable size-effect of aerosolization is droplet aggregation, which has been 
shown to result from increased hydrophobicity in the nanoparticles formed in an air-jet device, 
but not in US-assisted devices, whether particles are hydrophobic or hydrophilic [157]. 

Recent studies on aerosol formation by using air-jets and ultrasonication prior to the 
determination of complex size and zeta potential revealed that neither type of device 
destabilized the compounds studied (viz. polyethylenimines), even though droplet size 
was found to increase upon air-jet aerosoling [158]. 

Although some laboratory-scale US devices for aerosol formation have been developed 
[159], most of the aerosoling equipments used in clinical applications are of the commer¬ 
cial type. 


5.7.2. Ultrasound-assisted spraying 

Thin films of widely variable composition (mainly rare earth oxides, nickel, iron and other 
metal oxides, but also other simple and complex compounds) have been used for a vari¬ 
ety of purposes (namely in semiconductor technology, optical and electronic applications 
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such as optical waveguides, optical filters, capacitors, etc.) and constitute a topical focus 
of materials research. The efficient formation of micro and nano drops is the key to obtain 
a film as thin as required on a given support. The formation of a spray to facilitate depo¬ 
sition can be successfully assisted by US. The variables influencing US-assisted spraying 
are similar to those affecting US-assisted aerosol formation and hence strongly depend¬ 
ent on the particular medium; this entails optimizing the variables related the target 
system, in addition to those typical of US. Thus, the pulse time [160,161] and US 
frequency [162] have been found to influence the properties of the resulting films as char¬ 
acterized by a number of analytical techniques such as X-ray diffraction, scanning elec¬ 
tron microscopy, atomic force microscopy and X-ray photoelectron spectroscopy. 


5.8. ULTRASOUND-ASSISTED DEFOAMING 

Foam is a dispersion of a gas in a liquid where the distances between individual bubbles 
are very small. In a foam system, the volume ratio of gas to liquid is very large and the 
bulk density approaches that of a gas. Depending on the particular context, foaming can 
be desirable or undesirable. 

Interesting studies on foaming, foam films, antifoaming and defoaming were discussed 
at length by Pugh in the 1990s [163], particularly as regards the need for foam avoidance, 
formation and (or) control in specific areas. Thus, foams occur as an undesirable phenom¬ 
enon in many industrial applications when liquids with a foaming tendency are aerated 
(e.g. in bioreactors, sewage treatment plants) or when gases are released under condi¬ 
tions of sudden pressure relief in a chemical reactor. Such undesirable foaming, if uncon¬ 
trolled, can lead to a number of problems including losses of liquid contents, 
contamination, fouling of sensors, environmental pollution, reduction in working volume or 
suppression of gas-liquid mass transfer. Unwanted foaming is commonly controlled by 
the addition of chemical antifoams or defoamers. These additives, however, are expensive 
and contaminating. Also the use of antifoams in some areas such as the production of 
food and pharmaceutical products is legally restricted. 

On the other hand, controlled bubble formation is required in a number of industrial 
fields (e.g. in the production of microcellular polymers). These polymers contain bubbles 
around 10 pm in diameter and have higher dimensional accuracy, higher impact strength, 
higher specific modulus and greater specific strength than foamed plastics containing 
larger bubbles. In order to produce microcellular structure, a high nucleation rate must be 
obtained and bubble growth must be controlled and stopped before bubbles coarsen. 
Theoretical predictions of bubble number and size have shown that US-assisted bubble 
control allows the results to conform to the predictions [164]. High-intensity US is efficient 
at destabilizing static foams, but is also effective at controlling dynamic foaming resulting 
from Newtonian and non-Newtonian liquids; this makes it suitable for processes requiring 
continuous defoaming [165]. The effectiveness of US in destabilizing and controlling foams 
seems to be governed by vibrational amplitude, frequency and foam structure [166]. 

Analytically, foam can cause problems in analytical operations such as chromato¬ 
graphic separations and molecular spectrometric detection, among others, where it must 
thus be avoided or removed. 


5.8.1. Mechanism of ultrasound-assisted defoaming 

The exact mechanism by which foam is destroyed under US radiation is still obscure. 
Various attempts have been made at explaining why foam collapses faster under 
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US vibrations. Foam destruction by large-amplitude sound wave can be ascribed to 

(a) periodically collapsing forces of the propagated sound waves (acoustic waves), 

(b) unidirectional pressure, (c) induced resonant vibration in the bubbles or (d) turbulence 
produced by the "sonic wind". A combination of these forces causes acoustic defoaming 
and, in general, radiation pressure forces prevail at medium and high frequencies. High- 
power sound waves, like electromagnetic waves, can exert a radiation pressure against 
any obstacle upon which they impinge. 

Another theory concerning the effect of US on foam destruction is based on the mech¬ 
anism of marginal regeneration proposed by Stein [167], which is considered to be triggered 
by squeezing mode surface waves along the film-plateau border boundaries. Such surface 
waves tend to stimulate thickness fluctuation that leads to faster drainage and film rupture. 
Thus, the US vibration would first increase the drainage of liquid from the foam, which would 
lead to its collapse. By correlating only the initial collapse rate of foam in the presence of 
US vibration in terms of various influential parameters such as the surface tension of the 
surfactant solution, ratio of horn diameter to column diameter and initial liquid hold-up, an 
equation has been established for predicting the initial collapse ratio [168]. 


5.8.2. Variables influencing ultrasound-assisted defoaming 

Although no comprehensive study of the variables influencing US-assisted defoaming has 
been conducted, some interesting conclusions can be drawn from available evidence. 


Ultrasound frequency, intensity and amplitude 

There is some controversy concerning the frequency of US capable of causing defoam¬ 
ing. Thus, according to Komarov et al. low-frequency sound (< 1.3 kHz) is more effective 
in slag foaming suppression than are higher frequency waves (1.3-12 kHz); also, the 
steady-state foam height decreases abruptly when the sound pressure reaches a thresh¬ 
old value that depends on the sound frequency and liquid viscosity [169]. However, high- 
amplitude airborne sound waves over a wider frequency range (0.7 to 29 kHz) enable 
effective control of foams of medium viscosity [170]. 

More recent studies by Pandit et al. using a horn (20 kHz) to study the effect of the 
ratio of horn to column diameter on the foam drainage and collapse rate have revealed 
that high-intensity US can destabilize the static foam structure [168]. The efficiency of the 
US horn has been related to the position of its tip; also, the use of periodic ultrasound 
vibrations has proved more efficient (viz. to save energy and operating expenses) than 
continuous application [167]. 

Acoustic transducers operating at 10 and (or) 20 kHz are capable of defoaming liquids 
provided the acoustic source is placed above the liquid surface upon which the foam is 
being generated. 

No dedicated analytical acoustic defoamers have been reported as defoaming is not a 
frequent problem in analytical laboratories; rather, they have been developed for technical 
applications. 


5.9. ULTRASOUND-ASSISTED DEGASSING 

Although the analytical uses of US-assisted degassing are virtually restricted to the 
stages preceding sample preparation, a number of analytical methods produce a gas 
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at some point in the process. There are few references to the use of US for accelerating effi¬ 
cient gas removal. One case in point is the ion chromatography method for the determina¬ 
tion of bromate in drinking water. Reduction of chloride and carbonate with on-guard Ag and 
H cationic columns provides an eluate containing C0 2 and H 2 bubbles that are effectively 
removed by a 10-min sonication in an ultrasonic bath. No mention of the type of bath used 
or the necessity of a long sonication time for degassing was made by the proponents, so 
one can conclude that excess US irradiation was used to ensure the absence of gases 
[171]. In designing applications of US during sample preparation one should bear in mind 
the following two requirements: (a) the US application time should be optimized to reduce 
the overall analysis time; and (b) the effect of US irradiation on the target system should be 
considered in order to avoid analyte losses and the formation of potential interferents. 

A US-assisted micro-degasser prototype for portable dialysis is one of the very few ana¬ 
lytical devices of this type reported so far [172]. The prototype consists of a degassing 
chamber formed in a glass wafer and gas-venting channels formed in a silicon wafer encap¬ 
sulated by the anodic bonding of Si to the glass wafer. A diaphragm of 6 mm x 6 mm x 
0.1 mm was etched on the Si side for oscillation when excited by a 49 kHz square wave. 
The use of water to demonstrate the degassing process and monitoring it by using a micro¬ 
scope equipped with a video camera revealed that 38% of dissolved oxygen was removed. 
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CHAPTER 6 

Ultrasound Assistance to Analytical Heterogeneous 
Liquid-Liquid Systems 


6.1. INTRODUCTION 

Heterogeneous liquid-liquid systems are quite common place in analytical chemistry, which 
uses them for a variety of purposes, including the following in relation to sample prepara¬ 
tion: (1) analyte transfer from one phase to another, followed by (a) phase separation in 
order to feed only the phase enriched with the analyte to the detector or subject it to some 
other operational step prior to detection, or (b) continuous monitoring of the enriched 
phase without phase separation; (2) the formation of a heterogeneous medium, — small 
droplets of one phase in another — which is the usual purpose of homogenization and 
emulsification. Ultrasound (US) has been used to improve the outcome of (1) and (2), albeit 
with rather disparate results and frequency. 

Although mass transfer between two immiscible phases (i.e. liquid-liquid extraction) 
is an old separation technique, the potential and effects of US on it (viz. acceleration of 
the transference and (or) displacement of the equilibrium) have been scarcely studied. 

By contrast, dispersion of a phase as small droplets into another under US assistance 
until the initial heterogeneous liquid-liquid system is made uniform, which is known as 
“homogenization” or “emulsification”, is a well-documented process in both the analytical 
and industrial fields. Depending on the operating conditions and the type of ultrasound 
used, both emulsion formation and destruction can be favoured. 

One emergent field for US application involves liposomes, the formation of which and (or) 
their performance can be improved by this type of energy. The peculiar structure of liposomes 
and the growing interest of analytical chemists in them warrant their discussion here. 


6.2. ULTRASOUND-ASSISTED LIQUID-LIQUID EXTRACTION 

Whether US facilitates mass transfer between two immiscible phases is arguable if one 
considers the ability of this form of energy to facilitate emulsification. Probably for this 
reason, analytical chemists have been reluctant to test US as a means for improving 
liquid-liquid extraction (LLE). In fact, US application most often produces stable emulsions 
that result in long phase-separation times; therefore, US favours mass transfer between 
phases — provided that the partitioning equilibrium involved facilitates the transfer. 
Efficient, fast LLE entails avoiding or minimizing the former effect and maximizing the 
latter. These are the two major factors to be optimized in ultrasound-assisted liquid-liquid 
extraction (USALLE). 


6.2.1. Variables influencing ultrasound-assisted liquid-liquid extraction 

Maximizing the extraction efficiency and minimizing emulsification of the immiscible phases 
in USALLE entails optimizing both the typical US-related variables and those characteristic 
of LLE. In addition, the specific US-related variables to be optimized depend on whether 
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(1) a discrete or continuous experimental approach is implemented, (2) a bath or a probe 
is used and (3) direct immersion or a transmitting liquid (if a probe and a discrete approach 
are used) is employed. 

The effect of US variables is discussed in detail in Chapters 3 and 4, so this section 
focuses on the sole difference from the effects described in them (viz. not only the extraction 
efficiency, but also the undesirable emulsification effect of US must be considered). However, 
most existing discrete USALLE methods have been optimized without provision for 
emulsification (i.e. for the time needed for the phases to separate). This is not the case 
with continuous methods, where emulsification is avoided or restricted to the interface, 
which is not monitored. 

The influence of the variables pertaining to LLE (e.g. the aqueous-to-organic phase 
volume ratio, partition coefficient of the target species between the two immiscible phases) 
is outside the scope of this book and is discussed in detail elsewhere [1,2]. 


6.2.2. Discrete ultrasound-assisted liquid-liquid extraction approaches 

Most of the USALLE approaches reported are of the discrete type and use an ultrasonic 
bath. Usually, a vessel containing the sample and the immiscible, acceptor phase is 
immersed in the transmitting liquid held in a bath and the process involves application of 
US for a preset time, phase separation and repetition of the extraction cycle, if required. 
With slight differences, this procedure has been used to extract aroma compounds from 
grape must, wine [3-5], aged brandies and aqueous alcoholic wood extracts [6], or spe¬ 
cific compound families such as monoterpenoids [7] as well as volatiles [8] both from 
wine, pesticides from honey [9] and methylmercury from biological materials [10]. 

In 1995, Cocito et al. demonstrated the usefulness of USALLE for extracting aromas 
from wine [3]. Four years later, Hernanz Vila et al. [4] used the method of Cocito et al. in 
combination with a factor design to optimize extraction-related variables such as the sample 
and extractant volumes, and extraction time; however, improvements over the original 
method were insubstantial (e.g. the sample and immiscible solvent volumes were lowered 
from 125 to 100 ml and from 60 to 50 ml, respectively, with similar precision in both cases). 
Note that no US-related extraction variables, but only sample and extraction volumes, 
and the extraction time were optimized. A determination of aromas in wine from seven 
clones of Monastrell grapes [5] using the Cocito method provided coefficients of variation 
that were somewhat higher than those obtained by Cocito et al. Nevertheless, the authors 
concluded that volatiles provide a valuable tool for classifying and distinguishing grape 
clones and that the sensory properties of wines may differ not only among varieties, but 
also among clones. 

An interesting comparative study of aroma compounds in aged brandies and aqueous 
alcoholic wood extracts involving US-assisted extraction was carried with a view to identify 
the components of brandy aroma already present in grapes and wines, those formed in the 
distillation step and those coming from the oak wood [6]. After three extraction cycles with 
30, 10 and 10 ml of dichloromethane in an ultrasonic bath, the volume of the overall 
extract was reduced to 100-200 pi in a rotary evaporator and the individual components 
quantified by GC-FID. The relatively high standard deviations obtained in some cases 
(0.1-18.4%) can be ascribed mainly to both irreproducibility in the US energy provided by 
the bath and the low final extract volumes. 

The LLE temperature was controlled in none of the previous methods. This, 
together with the typical decline in power of US baths, might be the origin of the high 
imprecision. 
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The discrete USALLE of monoterpenoids has been compared with direct immersion 
SPME of these compounds from wine [7]. A modification of the method from Cocito et al. 
was used because dichloromethane replaced 1:2 n-pentane-diethylether as the extractant. 
Samples were extracted three times under US application for 10 min, using 30, 10 and 10 ml 
of organic extractant and at a constant temperature of 20°C. For an unconvincing reason 
(namely, the chromatographic resolution was reduced through overlap of major compounds 
with minor ones with a greater number of cycles), the authors chose to use only three 
extraction cycles; however, the adverse effect of using more cycles could have been avoided 
by diluting the extracts, with the additional advantage that useful information about the 
extraction kinetics of the different compounds could have been obtained. The conclusions 
of this study were as follows: 

(1) both methods are suitable for the extraction of the target compounds from wines with 
subsequent gas chromatographic (GC) individual separation with a view to classify wines 
produced in different geographical zones; 

(2) both provide similar sensitivity and precision (CV < 5.5%); 

(3) US extraction is more efficient (95.1% versus 82.5%) and provides richer qualitative- 
quantitative flavour profiles; 

(4) the SPME method is faster (the greatest weakness of US extraction was the long time 
required to concentrate the extract under an inert atmosphere, 12 h) and uses less sample 
volume (7 ml versus 100 ml). 

The usefulness of US for accelerating the LLE of compounds from honey lies mainly in 
the ability to operate at ambient temperature; by contrast, some techniques such as simul¬ 
taneous distillation-extraction [11] and purge and trap [12] are subject to thermal artifacts. 
USALLE has been used to extract volatile compounds from citrus flowers and citrus 
honey with a view to discriminate honey according to its botanical origin [8], and also 
pesticides [9]. In this context, USALLE is faster than conventional methods and has the 
added advantage that it extracts compounds of molecular weight up to 220, which helps 
to determine the origin of honey; this, however, calls for improved repeatability as the RSD 
values for some compounds exceed 20%. 

Pesticides such as atrazine and simazine have also been extracted from honey with the aid 
of an ultrasonic bath. In addition to the type of extractant, variables such as the extractant 
volume, sonication time and number of extraction cycles were optimized, the temperature and 
the height of the transmitting liquid in the bath being kept constant. A comparison of the 
ensuing method with its shake-flask extraction counterpart showed the former to be faster 
and more efficient, and provide relatively lower standard deviations [9]. 

One major criticism of all previous US-assisted methods is that they have not been 
compared with their unassisted counterparts, so the influence of US on the results has 
not been quantified. This, however, is not the case with the method for pesticides in honey 
and that for the determination of mercury in biological materials proposed by Tu et al., 
which is based on acid leaching for 5 min, followed by simultaneous in situ derivatization 
and LLE for 40 min in the presence of sodium tetraethyl borate and nonane, buffered at 
pH 7.0, under US [10]. The mixture was shaken by hand and sonicated at 40°C at a fixed 
US amplitude of 100%; however, the characteristics of the US bath used were omitted. 
Phase separation was effected by centrifugation at 5400 rpm for 5 min. The improvement 
provided by US assistance is apparent from Fig. 6.1. 

Another criticism of the previous methods is that their proponents have failed to state 
the type of US device used as they seemingly believe that ultrasonic baths are the sole 
available choice for this purpose. In fact, only one USALLE method using a probe appears 
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Figure 6.1 . Influence of time on the extraction efficiency of methylmercury from CRM- 
463 sample (biological material) with (+) and without (•) US assistance. (Reproduced 
with permission of Elsevier, Ref. [10].) 


to have been reported; the method was used to extract iron from largely organic solvents. 
Although the proponents gave no optimization details, they specified the depth of the US 
probe in the extraction system, the ultrasonication and silent periods, and the time 
required for phase separation. The use of a US probe rather than a conventional US bath 
was found to significantly improve the rate of emulsification — which was the aim pursued 
in this case for proper mass transfer — as the system became turbid within few seconds 
of starting the probe-based sonication step. However, neither temperature control was 
used, nor the typical variables of US probes (namely, power, pulse duration, amplitude) 
were optimized; also, the authors failed to distinguish sample and extract and used the 
word “sonoemulsification” to refer to the US-assisted step leading to iron extraction. The effi¬ 
ciency of US-assisted extraction (100.2%) was reduced to 21% under silent conditions [13]. 

Some authors have used US to ensure homogenization of the sample and an acid 
solution. This homogenization dramatically reduces the time needed for subsequent 
conventional liquid-liquid extraction in a separatory funnel [14]; others have used US to 
accelerate an oxidation step preceding or following conventional LLE [15]. 


6.2.3. Continuous ultrasound-assisted liquid-liquid approaches 

Dynamic approaches to USALLE have been scarcely explored even though manifolds for 
mass transfer from an organic phase to an aqueous and vice versa have been designed 
(see Fig. 6.2) and successfully applied [16,17] since the earliest attempts of the authors’ 
group in the 1980s [18]. 

Continuous LLE is briefly introduced here before the functioning of these manifolds is 
explained in order to justify the choice of specific operational modes. 

Conventional continuous LLE requires the use of three basic units (viz. a segmenter, 
an extraction coil and a phase separator, in order to achieve the sequential formation 
of aqueous-organic phase segments, mass transfer between the two types of segments 
and clean separation of the acceptor phase to be led to the detector, respectively, [2]). 
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Figure 6.2. Flow injection manifolds for continuous US-assisted liquid-liquid extraction 
without phase separation. (A) Monitoring one interface. (B) Sequential monitoring of the 
two interfaces in a chemical system involving extraction from an aqueous to an organic 
phase. (C) Sequential monitoring of the two interfaces in a chemical system involving 
extraction from an organic to an aqueous phase. AP — aqueous phase, AS — aqueous 
sample, AV — auxiliary valve, C — coil, D — detection system, EAP — extractant aqueous 
phase, EC — extraction coil, IL — injection loop, IV — injection valve, MV — main valve, 
OP — organic phase, OS — organic sample, PC — personal computer, PL — propagating 
liquid, PP — peristaltic pump, SL — sub-loop, SV — selection valve, UP — ultrasonic probe, 
1/1/— waste and WB — water bath. (Reproduced with permission of Elsevier, Refs. [16,17].) 


The shortcomings of phase separators can be circumvented by avoiding phase separation. 

This simplified mode can be implemented in various ways, namely: 

(a) By using none of the three usual devices. Instead, the sample can be bubbled through 
a cell containing the extractant. When the solute is to be transferred to an organic 
phase, such a phase must be the heavier one; the sample is bubbled at the bottom of 
the cell and mass transfer occurs in the way of the drops through the organic layer. 
This method is not very effective and the use of an organic phase heavier than the 
aqueous phase is a highly restrictive condition [19,20]. 

(b) By using both a segmenter and an extraction coil. In this way, longer, more extensive 
contact between the sample and the extractant is achieved, and mass transfer is 
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accomplished by using a coil as long as required. The enrichment of the extractant 
with the solute can be monitored in two ways, namely: (1) by increasing the length of 
the segments in an expansion chamber [21], thus enabling transient alternate passage 
of only organic phase and only aqueous phase through the flow cell; or (2) by using 
a dynamic manifold with iterative change of the flow direction [22]. In this way, only 
the extractant phase — a single, relatively long segment — is monitored by changing 
the flow direction when the interface between the two immiscible liquids is close to the 
detection point, but has not yet reached it [22,23]. The detector can be accommodated 
in the loop of an injection valve or in the transport tube (see Fig. 6.2). The extraction 
process is thus similar to the conventional shaking in separation funnels except for 
the major differences that it can be fully automated and allows continuous monitoring 
of solute transfer. 

The manifolds in Fig. 6.2, which differ in the chemical system involved and whether one 
or both interfaces are monitored, are based on the last approach. Thus, manifold in Fig 6.2A 
can be used when only one of the interfaces is to be monitored. The procedure is as follows: 
initially, the injection loop (IL) of valve IV is filled with sample and the extractant phase is 
circulated through the manifold to establish the detector baseline. Switching of IV to the 
inject position is synchronized with the iterative change of the flow direction in such a way 
that the injected zone (the sample) never reaches the flow cell in the detector — thus avoid¬ 
ing parasitic signals resulting from changes in refractive index or viscosity — but 
approaches it as much as possible; as a result, the extract is monitored at the most ana¬ 
lyte-enriched zone. Such a zone is transported to the extraction coil (EC) in each cycle, 
where it is subject to US radiation for an interval depending on the flow rate and EC 
length. Then, the zone, which is very close to the interface, is led to the detector and gives 
a peak in each cycle; the final result is thus a multi-peak recording such as that of 
Fig. 6.3A. Circulation of the liquids through the flow system is accomplished by using the 
peristaltic pump in propelling-aspiration cycles to ensure reproducible operation. After 
extraction, the system is unloaded and rinsed through switching valve (SV) to avoid passage 
of organic solvents through the pump tubes. 

This manifold has been used for the USALLE of paracetamol from suppositories [17]. 
Hydrolysis of the analyte prior to reaction with o-cresol in the alkaline extractant medium 
was also favoured by US (the entire sample plug was irradiated in EC). Hydrolysis and 
formation of the reaction product displaced the extraction equilibrium, thus favouring 
extraction into the aqueous phase. The influence of the variables related to the dynamic 
manifold (namely, flow rate and sample volume), chemical variables (namely, NaOH and 
o-cresol concentrations) and temperature was studied using the univariate method on 
account of their independence; on the other hand, those related to US (namely, probe 
position, radiation amplitude and pulse duration) were the subject of a multivariate study 
in which the latter two exhibited an insignificant but positive effect. Positioning the probe 
closest to the extraction coil was found to maximize extraction efficiency. The positive 
effect of US on extraction and analyte hydrolysis provides the overall enhancement shown 
in Fig. 6.4A, which shows the results obtained in the presence and absence of US. The time 
required for the development of the method was significantly shorter than that required by 
the United States Pharmacopoeia (USP) method. In addition, the latter produces emulsions 
that need about 30 min for phase separation after extraction. 

Sequential monitoring of the two interfaces in each cycle is also possible. This can be 
exploited for two purposes, namely: (a) the simultaneous monitoring of the extraction 
process with and without US assistance by using a sample plug long enough to ensure 
irradiation of only one interface; (b) the simultaneous monitoring of the extraction process 
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Figure 6.3. Multi-peak recordings obtained from continuous US-assisted liquid-liquid 
extraction. (A) Monitoring one of the interphases for the extraction of paracetamol into a 
basic aqueous phase containing o-cresol. (B) Monitoring the two interphases for the 
extraction of polyphenols from olive oil into a basic aqueous phase. (Reproduced with 
permission of Elsevier, Refs. [16,17].) 


under assistance by a different type of energy (e.g. US and microwaves) at each interface. 
The manifold required differs depending on the nature of the donor and acceptor phases. 
Manifolds of both types have been designed for (a). 

The manifold in Fig. 6.2B is the only available choice for the sequential monitoring of 
the two interfaces in a chemical system involving extraction from an aqueous phase to an 
organic one. The operational procedure is as follows: the loop of the injection valve (IV) 
accommodating the flow cell is filled with the clean organic, extractant phase to establish 
the detector baseline and the aqueous sample is then propelled by the peristaltic pump 
to fill the manifold. Then, the extraction is started by switching IV to the unload position and 
the process is monitored in one flow direction until the corresponding interface is as close 
as possible to the detection point — without reaching it to avoid parasitic signals — in order 
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Figure 6.4. Comparison of the continuous liquid-liquid extraction with (4) and 
without (m) US assistance. (A) Paracetamol in alkaline medium with the manifold 
shown in Fig.6.2A. (B) l 2 in dichloromethane with the manifold shown in Fig. 6.2B. 
(C) Fe 2+ in dichloromethane with the manifold shown in Fig. 6.2B. (D) Polyphenols 
in a basic aqueous phase with the manifold shown in Fig. 6.2C. (Reproduced with 
permission of Elsevier, Refs. [16,17].) 

to monitor virtually the entire organic plug. Such a plug must be long enough to allow one 
of the interfaces reaching reactor EC1 to be ultrasonicated while the other is outside the 
transmitting liquid and far enough from it to avoid its influence. Each interface is circulated 
through a tubing length (EC + SL) large enough to avoid the loss of liquid in the cycles and 
facilitate monitoring of both interfaces. Absorbance changes in the organic phase, which 
result from extraction of the analytes, are monitored at an appropriate wavelength to obtain 
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multi-peak recording consisting of alternate peaks for the ultrasound-assisted (USA) and 
non-ultrasound-assisted (NUSA) interface (see Fig. 6.3B). This allows the processes 
occurring at the two interfaces to be compared in a single experiment. 

The manifold in Fig. 6.2B has been used to develop two methods for the extraction of 
two analytes from an aqueous phase, with or without a chemical reaction (viz. extraction 
of Fe(ll) into a dichloromethane/o-phenanthroline phase with the formation of the well-known 
red complex, and extraction of I 3 into dichloromethane) [16]. Because both chemical 
systems are well known, chemical and flow-related variables were set at their reported 
optimum values, and US-related variables (namely, probe position, radiation amplitude 
and cycle duration) were optimized by using a multivariate approach. The temperature 
was kept constant throughout the experiments. The results for iodine (Fig. 6.4B) reveal 
that the presence of US results in poorer extraction of this analyte. On the other hand, 
those for the water Fe(ll)/o-phenantholine dichloromethane system reveal that the presence 
of US improves the extraction after several cycles (see Fig. 6.4C); however, the improvement 
is very slight, so it does not justify the use of ultrasound here. 

The manifold in Fig. 6.2C was designed for the sequential monitoring of the two inter¬ 
faces of a chemical system involving extraction from an organic phase to an aqueous one. 
The key element of this manifold is an internally coupled valve system that serves two main 
purposes, namely: ( 1 ) to enable passage of virtually all aqueous extractant contained 
in the loop of the auxiliary valve by the detection point while avoiding that of the interfaces; 
and ( 2 ) to dispense with the need to circulate the organic phase — the sample in this case — 
through the peristaltic pump and hence with the use of special pump tubes. The extraction 
coils (ECs) must be long enough to allow ultrasonication of one interface without affecting 
the other and must be suited to the particular application; on the other hand, the length of 
the coils (Cs) is not crucial but must be large enough to avoid liquid losses during the 
back-and-forth cycles. The functioning of the system is as follows: the loop of the auxiliary 
valve is filled with aqueous phase modified as required (e.g. pH adjustment, derivatization 
reagents), and the detector baseline established. Then, the loop of the main valve is filled 
with organic sample (preferably with a syringe, hypodermic needle and adapter to avoid 
the use of special pump tubes) and an aqueous phase that acts as a carrier in the back- 
and-forth movement of the donor and acceptor plugs is circulated through C. Next, both 
valves are switched to the unload position and, simultaneously, the programme controlling 
the pump is started. EC1 is sonicated while it contains one of the interfaces. After each 
run, the manifold is flushed. To this end, the loop of the main valve is filled with an appropriate 
organic solvent, which is circulated in both directions through the manifold before going 
to waste through valve SV — which avoids passage through the pump tubes. Finally, the 
manifold is rinsed with water. 

The previous manifold and procedure have been used for the extraction and determina¬ 
tion of polyphenols from extra virgin olive oil [16]. The method is based on the standard for 
this type of analytes and samples, which involves extraction of organic compounds into a 
Folin-Ciocalteu reagent solution, with monitoring of the product at 725 nm. Figure 6.3B 
shows the multi-peak recording obtained. The peaks correspond alternately to sonicated 
and unsonicated interfaces and show that US is more effective than no sonication. The treat¬ 
ment to be applied to the peaks in order to obtain an appropriate analytical signal can differ 
depending on the sensitivity of the monitored product. Thus, if the absorbance is relatively 
high, measurements of the first peak close to each interface can be used as the analytical 
signal. With low absorbances, the combined absorbance of a number of peaks can be used 
as the analytical signal. For comparison with the two previous methods for the extraction 
from an aqueous phase to an organic one (Figs. 6.4B and C), Fig. 6.4D shows the efficiency 
of the corresponding USA and NUSA processes. 
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The peristaltic pump in all these manifolds operates in a propulsion-aspiration mode 
in order to ensure more reproducible flow rates. 


6.2.4. Conclusions 

Reported evidence for USALLE allows the following conclusions to be drawn: 

(1) Ultrasound does not always favour mass transfer between two immiscible phases. 

(2) Transfer from an organic phase to an aqueous one is more markedly favoured by US 
than the transfer from an aqueous phase to an organic one. 

(3) The effect of US can be more significant when a chemical reaction occurs simultaneously 
with extraction. The influence of US on mass transfer and chemical reaction should be 
discriminated in order to select the latter. 

(4) Available information is too scant to allow general rules on the behaviour of chemical 
systems under USALLE to be established. 


6.3. ULTRASOUND-ASSISTED HOMOGENIZATION AND EMULSIFICATION 

Homogenization is commonly defined as a chemical or physical treatment by which the 
composition or structure of a substance (solid, liquid or gas) or mixture of substances is 
made uniform. The ability of US to effectively stir, mix or agitate a system without altering 
its chemical characteristics has been widely demonstrated and used in both laboratory 
and industry. At the laboratory scale, the use of homogenization in the analytical process 
is not restricted to key or optimized steps as the target system is sonicated for a time 
exceeding that strictly required to ensure adequate homogenization. However, homoge¬ 
nization is included in most types of US-assisted processes described in Part I of this 
book (dissolution, digestion, leaching, etc.) by virtue of the stirring, mixing and agitating 
capabilities of US. 

Most applications of US-assisted homogenization whether analytical and non-analytical, 
involve liquid systems. Food processing industries have exploited US homogenization [24] 
as a key step in the processing of milk, yogurt and ice cream because it helps avoid cream¬ 
ing during incubation and storage. In fact, homogenization increases the stability, consis¬ 
tency and body of yogurt. The purpose of this phenomenon in the case of milk is to reduce 
fat globules and clumps to a size such that they will no longer rise to the top of the liquid 
when milk is consumed. High-amplitude US provides highly effective homogenization of 
milk relative to conventional homogenization procedures. Long US exposure times 
increase the effect (e.g. sonicating after inoculation reduces the total fermentation time by 
0.5 h) and increasing the US amplitude before inoculation significantly improves the water 
holding capacity and viscosity while reducing syneresis. While sonication after inoculation 
does not decrease syneresis, it increases the water holding capacity and viscosity [25]. 
Bioprocesses also benefit from the use of US for continuous homogenization; this, coupled 
to immobilized metal affinity expanded bed adsorption, provides a new method for on-line 
purification of histidine-tag-enhanced green fluorescent protein with yields close to 100% 
[26]. The pharmaceutical industry has used US during the tableting of powders [27]. 

Analytically, the most interesting systems are those formed by two or more immiscible 
liquids, homogenization of which is known as “emulsification” and dealt with separately 
on account of its importance. 
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6.3.1. Ultrasound-assisted emulsification 

According to Becher, an emulsion is a heterogeneous system consisting of two immiscible 
liquids one of which (the dispersed phase) is intimately dispersed in the other (the continuous 
phase) in the form of small droplets whose diameters generally exceed 0.1 pm [28]. Although 
emulsions are heterogeneous systems, — they consist of two immiscible phases — 
emulsification is intended to produce a homogeneous system in terms of chemical structure. 

The type of emulsion formed (normally water-in-oil or oil-in-water, commonly expressed 
as w/o or o/w, w denoting the aqueous phase and o the organic phase) is determined by 
the volume ratio of the two liquids and also by the phase addition sequence and the nature 
of any additives used to promote emulsification [29]; the affinity of emulsifiers for oil and 
water is measured on the hydrophile-lipophile balance (HLB) scale [30]. Oil-in-water 
emulsions are most common in all application fields. 

Milk, cream, mayonnaise, butter, margarine, skin lotions, formulated cosmetics, pharma¬ 
ceutical ointments, varnishes, paints and lubricants are among the most typical examples 
of emulsions. Also, emulsions are commonplace in a wide range of technologies and play 
a key role in materials processing, from metal working to textile finishing [31]. 

Emulsions occur naturally in the vegetable and animal kingdoms (e.g. in rubber tree latex 
and milk, respectively). However, mixing two immiscible liquids to produce an emulsion 
almost always requires the assistance of energy; also, the resultant emulsion is usually 
unstable. The stability is especially low for those liquid-liquid dispersions with a high 
interfacial area. In this respect, the use of additives helps obtain stable emulsions from two 
immiscible liquids. There are two main types of emulsion additives, namely: emulsifiers and 
stabilizers, the effects of which are based on different principles. Emulsifiers belong to the 
class of surface active substances. Thermodynamically, emulsifiers reduce the surface 
free energy required to increase any interfacial area A (AG = yAA) by lowering the inter¬ 
facial tension (y), and allow finely dispersed media to be easily created. The most 
common class of emulsifiers is that of surfactants, which can form monolayers or liquid 
crystals. By virtue of their amphiphilic molecular structure, surfactants are adsorbed at the 
interface between two phases thereby helping to stabilize the droplets of the dispersed 
phase of an emulsion. Depending on the stabilizing properties of the system, coalescence 
(viz. irreversible formation of large drops leading to less stable emulsions and eventually 
to phase separation) of droplets after disruption influences the final droplet size distribution. 
Highly efficient emulsifiers and low volume fractions of the dispersed phase can 
reduce coalescence considerably. Additional emulsifiers include starch, lignin, lignite, finely 
divided solids, synthetic emulsifiers (e.g. polymers, sulphonated hydrocarbons, ethyoxylated 
nonylphenols, etc.) and proteins. 

The other major class of emulsion additives is that of stabilizers. In contrast to emulsifiers, 
stabilizers are non-surface active macromolecules which are added to emulsions in order to 
increase the viscosity of the continuous phase, thus reducing the mobility of the droplets in 
order to prevent emulsification from coalescence [32]. 

Even if some additive is used, the assistance of US is usually needed to disperse a 
liquid phase into the continuous phase and produce metastable mixtures, as reducing 
large droplets to smaller ones involves additional shear forces, and the viscous resistance 
during agitation absorbs most of the applied energy [33]. Figure 6.5 illustrates a continu¬ 
ous mechanical emulsification process [32,34]. Initially, unstable interfacial waves form at 
the oil-water interface that produces large oil droplets (ca. 50-100 pm in size) in the con¬ 
tinuous phase. Subsequently, the droplets in the pre-mix emulsion are disrupted in the 
dispersion zone by mechanical energy input. Then, the new droplets formed must be 
stabilized against coalescence, where, as noted earlier, additives play a prominent role. 
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Figure 6.5. Mechanical emulsification process. (Reproduced with permission 
of Elsevier, Ref [32,34].) 


Finally, excess applied energy is dissipated as heat and as a result the temperature of the 
emulsion is raised. 

Emulsification can take place in a single or several, consecutive steps [35,36]. 
Industrial emulsifications are normally made by valve homogenizers or colloid mills, which 
use large amounts of materials and are often inefficient. At the laboratory scale, mechanical 
energy can be provided by a variety of apparatus among which rotor-stator systems and 
high-pressure homogenizers are most widely used. Droplets of the dispersed phase 
in these systems are broken up under the action of shear or inertial forces in laminar 
or turbulent flow. In membrane emulsification, the dispersed phase is pressed through the 
pores of a microporous membrane to form small droplets in the continuous phase after 
reaching the other side of the membrane surface [37]. 

Ultrasound-assisted emulsification was initially developed by Wood and Loomis [38]. 
The first patent of an ultrasonic emulsifier was granted in 1944 in Switzerland. Since then, 
research on US-assisted emulsification and underlying mechanisms has grown in parallel 
due to interest in the process [32]. 

Mechanisms of ultrasound-assisted emulsification 

The increasing demand for products with well-defined composition and properties has 
aroused much interest in elucidating the basic mechanisms behind emulsion production 
and stabilization under different conditions [39]. 

Several possible mechanisms have been proposed to explain the influence of US energy 
on droplet formation and disruption. One assumes the formation of droplets as a conse¬ 
quence of unstable oscillations at the liquid-liquid interface. Such oscillations contribute to 
droplet disruption only if the diameter of droplets is considerably larger than the oscillation 
wavelength, which is about 10 pm for oil-water systems. Therefore, this mechanism, 
which is known as the “capillary waves mechanism” and rarely used to explain US-assisted 
emulsification, is only valid for droplets larger than 10 pm (first steps of the process). 

One mechanism similar to that of capillary waves is based on the oscillation and sub¬ 
sequent disruption of droplets under US action. The corresponding resonance radius at 
a frequency of 20 kHz (common for ultrasonic sources) is about 10 pm. This mechanism 
must be considered as one source of US-assisted emulsification, but can only be applied 
to immiscible liquid-liquid systems with a diameter within the established range for most 
of the droplets. In fact, most immiscible liquid-liquid systems are formed by droplets with 
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a broad size distribution. Therefore, this mechanism can only be the principal one when 
a wide range of sound frequencies are used [40]. 

The most widely accepted mechanism for US-assisted emulsification is based on the 
effects of cavitation, which are deemed crucial for the process to develop. However, this 
mechanism is based on the implosion bubbles generated by cavitation, which produce 
intensive shock waves in the liquid surrounding the ultrasonic source and liquid jets of a 
high velocity. Such microjets can cause droplet disruption in the vicinity of collapsing 
bubbles [41-43]. Those factors favourably affecting cavitation in liquid media generally 
improve emulsification in terms of a smaller droplet size of the dispersed phase right after 
disruption. Behrend et al. investigated the onset and distribution of cavitation in w/o emul¬ 
sions using vegetable oil with a semi-continuous approach and a low-volume flow cell [32]. 
For this purpose, a sequence of pictures were taken with a high-speed camera shortly 
after the US source was switched on. As can be seen in Fig. 6.6, at 3 ms small bubbles 
were visible near the emitting surface that propagated downwards into the liquid at a 
speed of about 1 m/s. The velocity of sound in the system was approximately 1500 m/s 
(viz. roughly three orders of magnitude higher than the velocity of gas bubble propagation). 
As a result of local cavitation, bubbles are thus generated only in the immediate vicinity 
of the surface. Under the action of sound, the bubbles are not disrupted as expected 
because of their small distance from the probe. They are not even significantly deformed, 
but transported downwards with the liquid flow. 


6.3.2. Continuous and discrete ultrasound-assisted emulsification 

Ever since the earliest uses of US energy to assist emulsification were reported, many 
scientists — analytical chemists included — and industrialists have used various types of 
US devices to make emulsions in a continuous or discrete manner. 

Although discrete emulsification can be accomplished with ultrasonic baths, probes are 
more frequently used for this purpose because they can directly transmit US energy to a 
liquid-liquid system. Figure 6.7A illustrates a straightforward procedure for obtaining an ultra¬ 
sonic emulsion. The sonotrode is immersed either into the continuous phase and the phase 
to be dispersed is gradually added or into the two-phase system while ultrasonic energy is 
applied. In the latter case, the tip of the probe can be positioned at the interface [44] between 
the two immiscible liquids or in the continuous (or dispersed) phase, irrespective of their 



Figure 6.6. Propagation of gas bubbles in sonified vegetable oil. Frame frequency 
1000 s- 1 , velocity of sound in vegetable oil about 1500 m/s. (Reproduced with permission 
of Elsevier, Ref [32].) 
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Figure 6.7. Discontinuous approaches for US-assisted emulsification. (A) Production 
of w/o emulsions. (B) Production and monitoring of emulsions. (Reproduced with permission 
of Elsevier, Refs. [46,56].) 


organic or aqueous nature [45]. The influence of the sonotrode position, which can be 
optimized, is discussed in the section dealing with the variables affecting US-assisted 
emulsification process. Ultrasound-assisted emulsification in discrete systems allows the 
emulsification process to be monitored by withdrawing small portions of the liquid-liquid 
system [46] (see Fig. 6.7B). Also, operators do not any require special training. The main 
shortcoming of discrete emulsification approaches is that large volumes may not be 
properly emulsified as a result of US intensity in the liquid-liquid system, which rapidly 
decreases with increasing distance from the ultrasonic emitter. For this reason, many 
applications require stirring the two-phase system [47]. Thus, discrete approaches are 
useful for small batches; on the other hand, scale-up is difficult despite the increasing 
commercial availability of powerful industrial ultrasonic sources. In any case, little research 
on US emulsification processes with conditions similar to those of industrial practice has 
been published. 
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Dynamic US-assisted emulsification can be accomplished in completely continuous and 
stopped-flow systems. Both use a pre-mixing reservoir circuit in which the two immiscible 
liquids are pumped, a mixing point and a small reservoir near the flow cell to sonicate 
the two-phase system. The dimensions and characteristics of the pre-mixing dictate the 
differences between stopped-flow and continuous approaches (see Figs. 6.8A and B, 
respectively). Thus, in stopped-flow systems, the pre-mixer is a larger vessel furnished 
with pressure control. Valve V2 in Fig. 6.8A is closed during the pre-mixing time, so that 
the two-phase system does not circulate through the dynamic manifold. After pre-mixing, 
V2 is switched to the open position, the volumetric pump is started and valve V3 is open 
or closed depending on whether atmospheric pressure or a higher level within the dynamic 
system is required to facilitate emulsification [48]. In completely continuous approaches, 
the pre-mixer is a well-stirred glass cell where the two phases merge and are stirred in their 
way from the inlets to the outlet. The pre-mixing step is particularly important with viscous 
fluids, which can produce unstable interfacial waves [49]. This step provides a coarse 
emulsion that can be readily broken up further by ultrasonic energy. 

Continuous and stopped-flow emulsification systems are preferred for analytical and 
non-analytical laboratory work because the liquid volume to be treated is very small. This 
allows the same ultrasonic intensity to be received throughout the volume, and as a result 
the efficiency and precision of the emulsification process improved. In addition, continuous 
stopped-flow emulsification can be coupled to other physical and chemical operations 
(e.g. previous or subsequent steps of the analytical process). Unlike discrete systems, 
however, dynamic systems do not allow monitoring of the emulsification process. 
Industrial applications can also exploit continuous and stopped-flow approaches in order 
to improve the efficiency of the process and connect emulsification to other steps in the 
production line. 

Similar to discrete systems, the most common choice of ultrasonic source in dynamic 
systems is a probe in direct contact with the two-phase system (see Fig. 6.8A). 
Alternative choices use one or several ultrasonic transducers and reflectors accommo¬ 
dated in the walls of the manifold tubing. Such is the case with the continuous approach 
depicted in Fig. 6.8B. This system was reported by Freitas et al. [49] and it included an 
ultrasonic flow cell designed by the authors. The flow cell (Fig. 6.8C) consists of a glass 
tube of 2 mm inner diameter wrapped in a cylindrical steel jacket. A sonotrode attached 
to a piezoelectric transducer was welded to the outside wall of the steel jacket for irradi¬ 
ation with US energy. Pressurized water was passed between the glass tube and steel 
jacket for sound conduction. As noted in Chapter 1, no cavitational effects are produced 
when a liquid is pressurized above a specific pressure threshold that depends on 
temperature and the physico-chemical characteristics of the fluid. Above such a pres¬ 
sure (ca. 4.5 bar for water in this ultrasonic cell), cavitation in the transmitting water is 
suppressed and acoustic energy is efficiently transferred via the glass tube into the 
emulsion. When the emulsion is not pressurized, cavitation occurs and droplets are 
disrupted. The residence time of the emulsion in the ultrasonic field is calculated from 
the dead volume of the flow cell divided by the corresponding emulsion flow-rate. These 
ultrasonic flow cells are suitable for uses requiring clean, sterilized equipment such as 
the emulsification of aseptic processes (e.g. pharmaceutical emulsions for the delivery 
of therapeutic agents, fat emulsions for parenteral nutrition or liposomes). Emulsification 
with direct sonication is unsuitable for aseptic processes as ions and particles can 
contaminate emulsion by cavitational abrasion of the sonotrode, which is frequently 
made of a metal alloy. 

Another type of mechanical transducer which is frequently used for emulsification is 
the liquid whistle. Unlike the more conventional whistle, which operates on gas motion, 
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Figure 6.8. Stopped-flow (A) and continuous (B) approaches for US-assisted 
emulsification. (C) Design of the ultrasonic flow-through cell for continuous US assisted 
emulsification. (Reproduced with permission of Elsevier, Refs. [37,49].) 
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Figure 6.9. Liquid whistle emulsifier. (Reproduced with permission of Elsevier, Ref [24,50].) 


this device (Fig. 6.9) allows liquid motion to be converted into sound [50]. For this purpose, 
a liquid is forced at a high speed from a jet across a clamped thin metal blade vibrating 
at a frequency, which is dependent on the flow rate. The flow is adjusted to obtain ultra¬ 
sonic frequencies; under these conditions, the liquid undergoes cavitation as it passes 
across the blade. Similarly, when two immiscible liquids are forced across the blade of the 
liquid whistle, the resulting cavitational mixing produces extremely efficient emulsification. 
In liquid whistle devices, the power depends on the medium (by mechanical flow across 
the blade); by contrast, in the more common sources of US (baths and probes), an external 
source transfers energy to the medium. The liquid whistle can be used for on-line processing 
in industrial applications with a large capacity. 


Performance of various emulsification approaches 

The emulsification efficiency can be measured in various ways. One is based on the ratio 
between the volume of emulsified dispersed phase, V e , and the initial volume of the 
dispersed phase, \Z 0 : 

£(%) = ^x100 (6.1) 

M) 

In continuous mechanical emulsification systems based on turbulent flow, the power 
density P v (viz. power dissipated per unit volume of the emulsion) and residence time, t r , 
in the dispersing zone have been found to influence the result of emulsification as meas¬ 
ured by the mean droplet size af 3i2 which is called the “Sauter diameter”. This dependency 
is in most cases described by the following expression: 


d 3 ,2~P.- a t r - b , 


(6.2) 
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where the Sauter diameter, d 32 , is a measure of the specific interfacial area of the 
emulsion: 


lAdl 
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6-V 

A 


(6.3) 


where / being the index, n, the number of droplets in interval / (d, <d<d h i), dj the mean 
droplet size in interval /, V the volume of the dispersed phase and A the interfacial area. 

Because exponents a and b are often quite similar, their product is used to describe 
the energy input per unit volume of emulsion (energy density, E v ); such a product can be 
easily calculated by dividing the total power input, P, by the volume flow-rate of the 
emulsion: 


d 32 ~(Pt r r=E v 


\ V fJ 


(6.4) 


This concept of energy density allows one to compare different types of continuous 
or semi-continuous mechanical emulsification devices in terms of efficiency and is a helpful 
tool for scaling-up purposes in practical applications. 

The Sauter diameter or mean droplet size is also used to compare the efficiency of emul¬ 
sification process. Comparisons are based on emulsion stability: small diameter corresponds 
to a stable emulsion. 

The efficiency of US-assisted emulsification has been compared with that of other 
mechanical alternatives in several studies. The most important conclusion is that, with US 
assistance, the size of emulsions is much smaller than with mechanical agitation under 
the same conditions; this makes sonicated emulsions more stable. One of these compara¬ 
tive studies was conducted by Behrend et al. with a view to prepare oil-in-water emulsions. 
Ultrasound-assisted emulsification in a semi-continuous approach was compared with 
various mechanical alternatives, particularly the toothed colloid mill and three high-pressure 
homogenizers (viz. the standard valve, sharpened edge valve and Microfluidizer®). The 
comparison, illustrated in Fig. 6.10, provided qualitative and quantitative information about 
the potential of semi-continuous US emulsification in relation to conventional mechanical 
emulsification systems. The conclusion was that the results of US emulsification are compa¬ 
rable with those of the Microfluidizer® and other highly efficient high-pressure homogenizers 
such as the sharpened edge valve. These high-pressure systems and membrane emulsi¬ 
fication for special purposes are the most efficient choices currently available [32]. 

AbismaTI etal. compared the efficiency of US-assisted emulsification of kerosene-in-water 
with mechanical agitation, using an Ultra-Turrax system. Ultrasonic emulsification was 
carried out in a discrete manner. Simple visual inspection revealed longer stability in the 
ultrasonic emulsions; thus, an identical extent of creaming was observed 6 days after son- 
ication but only 1 day after mechanical emulsification. In addition, measurements of back- 
scattering intensity changes revealed that the main difference was the greater extent of 
clearing by coalescence at the bottom of the vessel used for mechanical agitation in relation 
to the sonicated sample [51]. 

The main drawback of ultrasonic emulsification is the need to take special precautions 
to avoid surfactant degradation. During sonication, the surfactant accumulates at the 
interface of cavitation bubbles, where it can be chemically degraded by radicals produced 
by thermal decomposition of the solvents involved [52]. Water, the most common solvent, 
produces H and OH radicals [53,54]. In especially problematic situations where surfactant 
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Figure 6.10. Comparison of different mechanical emulsification techniques with US 
assisted emulsification, (v) toothed colloid mill, (•) standard valve, (+) sharpened 
edge valve, (o) Microfluidizer® and (•) US-assisted emulsification. (Reproduced 
with permission of Elsevier, Ref. [32].) 


degradation can be anticipated, highly stable acoustic w/o emulsions (with a very low 
volume fraction of oil) containing no surfactant can be prepared [55]. 


6.3.3. Variables influencing ultrasound-assisted emulsification 

Obtaining highly stable emulsions efficiently entails optimizing a number of variables. 
Because the applications of emulsions are mainly industrial, processes are first optimized 
at the laboratory scale and then scaled up for commercial production. The optimization pro¬ 
cedure can also be used in analytical applications involving an emulsification operation. 


Irradiation power 

The irradiation power is an important parameter for US-assisted emulsification; the higher 
the power is, the higher will be the stability of the resulting emulsion or the lower its Sauter 
diameter. These relationships were demonstrated by AbismaTI et al. [46], who tested variable 
irradiation powers from 30 to 238 W to prepare o/w emulsions of kerosene-in-water and 
compared sonication with gentle stirring. As can be seen in Fig. 6.11 A, raising the ultrasonic 
power increased emulsion stability. However, the improvement in stability was negligible 
above 130 W as the increase in energy was not accompanied by a significant decrease 
of the Sauter diameter. The only hindrance to the application of a high ultrasonic power 
in emulsification is the potential degradation of some phase or additive. This is why ultrasonic 
baths are rarely used for emulsification. 

In another study conducted at irradiation power values of 32, 25 and 17 W, reducing 
the sonication power from 32 to 25 W decreased emulsion stability (the Sauter diameter 
increased from 0.54 to 0.73 pm). At 32 W, the 10 and 90 percentiles of the droplet size 
distribution corresponded to 0.26 and 1.88 pm; at 25 W, they corresponded to 0.30 and 
3.69 pm. Further reducing the sonication power (to 17 W) provided a highly inhomogeneous 
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Figure 6 . 11 . (A) Influence of ultrasonic power on drop size distribution and 
comparison with gentle stirring. (*) 238 1 /!/ (*) 198 1 / 1 / (x) 130 1 / 1 / (a) 75 1 / 1 / (•) 30 1 / 1 / 
and (m) gentle stirring. Conditions: t (irradiation time) = 30 s, C (concentration) = 
10 g/l, (j) (volume ratio of phases) = 0.25 and y t (interfacial tension between kerosene 
and aqueous solution -9.5 mN/m). (Reproduced with permission of Elsevier, Ref. [46].) 
(B) Effect of position of ultrasonic horn on the yield of benzoic acid as a consequence 
of US-assisted emulsification of methyl benzoate in aqueous sodium hydroxide. (+) 5 mm 
from interface into the aqueous layer, (m) at the interface, (a) 8 mm from interface into 
the organic layer and (x) 5 mm from interface into the organic layer. Mole ratio of 
ester to NaOH 1:2 and concentration of NaOH 10% w/w. (Reproduced with 
permission of Elsevier, Ref. [45].) (C) Influence of tip diameter on the efficiency 
of US-assisted emulsification at different powers. 19.1 mm: (•) 15 1 / 1 / (w) 33 1 / 1 / 
(u) 63 Wand (+) 93 1 / 1 /; 12.7 mm: (o) 15 1 / 1 / (v) 33 1 / 1 / (o) 63 Wand (4) 93 W. (Reproduced 
with permission of Elsevier, Ref. [56].) 
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emulsion with a large number of macroscopically visible droplets larger than 1 mm in 
size and, so the test was not repeated. Sonication below 17 W failed to produce proper 
emulsification [49]. 


Position of the ultrasonic source with respect to the liquid-liquid interface 

This is a crucial variable affecting both emulsification and the kinetics of the process. This 
was demonstrated by Sivakumar etal. for the US-assisted emulsification of methyl benzoate 
in an alkaline aqueous sodium intended to facilitate hydrolysis of the ester [45]. The effect 
of the position of the ultrasonic horn was examined by keeping the horn in the organic 
layer, at a distance of 5 or 8 mm from the liquid-liquid interface, right at the interface and 
in the aqueous layer (at a distance of 5 mm). Figure 6.11B shows the influence of the position 
of the US source in terms of yield of benzoic acid. As expected, inserting the horn in the 
aqueous layer (the continuous phase) did not favour emulsification, so the reaction rate 
and yield were low. This suggests that the primary reason for the increased rate of the 
biphasic hydrolysis reaction in the presence of US is the generation of very high interface 
areas for mass transfer as a consequence of the emulsification process. Moving the 
ultrasonic horn from the interface into the organic layer (the dispersed phase) increased 
the yield of benzoic acid to a maximum value at a distance of 5 mm from the interface. 
For this specific case, the US intensity that reached the interface at greater distances from 
it was severely attenuated by the organic liquid, so the emulsification process became 
inefficient. 


Tip diameter 

The influence of this variable was studied by Juang and Lin for the preparation of w/o 
emulsions of water-in-kerosene at variable ultrasonic power values, particularly, 15, 33, 
63 and 93 W [56]. Figure 6.11C compares the emulsification efficiencies obtained by using 
two horns with different tip diameters (19.1 and 12.7 mm). Differences were small with a high 
(93 W) or too low (15 W) ultrasonic power. With intermediate power values (33 and 63 W), 
the differences in emulsification efficiency were highly significant at short irradiation times, 
but much less at long times. As can be seen in Fig. 6.11C, the horn with the 19.1 mm tip 
diameter provided high emulsification efficiency in a short time, the efficiency increasing 
very slightly or remaining constant at longer times. The increase in efficiency with the 12.7 mm 
tip diameter was more gradual. 


Vessel size 

The influence of the vessel size in the preparation of emulsions under ultrasonic energy 
in discrete systems has been established in terms of parameter R, which is the ratio of 
the height of the liquid-liquid mixture in the vessel to the diameter of the vessel. Two 
cylindrical vessels of different size (specifically with an R value of 1 and 2.5) were used 
under the same working conditions. Similar to the tip diameter, the differences in emulsi¬ 
fication efficiency between the two vessels were small at a high (93 W) or very low (15 W) 
ultrasonic power. On the other hand, at 33 and 63 W, the efficiency was higher for the 
vessel with R = 1 (viz. a cylindrical vessel) [56]. 
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Irradiation time 

The irradiation time is the period during which ultrasonic energy is applied to the liquid-liquid 
system. However, this variable must be examined differently in discrete and continuous 
approaches. For the former, the entire liquid-liquid system is irradiated simultaneously; in 
continuous and semi-continuous approaches, however, only the portion of volume filling 
the flow cell is sonicated. AbismaTI et al. studied the effect of the irradiation time in preparing 
o/w emulsions using discrete approaches and compared it with mechanical agitation [46]. 
As can be seen in Fig. 6.12A, the Sauter diameter decreased with increasing irradiation 
time; however, the strongest effect was observed within the first 15 s. After 30 s, the slope 
approached zero. The US technique provided smaller droplet sizes than mechanical 
agitation by a factor of 3 in all instances. 

The residence time is the equivalent parameter for ultrasonic emulsification in contin¬ 
uous and semi-continuous approaches. This parameter can be controlled by varying the 
flow rate of both the dispersed and continuous phases. In the above-described study of 
Freitas et al. [49], the mean droplet size decreased at longer residence times of the emul¬ 
sion in the ultrasonic field down to a value beyond which sonication resulted in no further 
improved emulsification. Thus, the limiting Sauter diameters for 33, 20 and 11% olive 
oil-in-water emulsions under ultrasonic energy were found to be 0.65, 0.50 and 0.47 pm, 
respectively. At a fixed residence time, the droplet size of the emulsion medium increased 
with increasing oil content. Thus, the droplet size of an 11% olive oil-in-water emulsion 
varied over the range 0.30-2.98, 0.24-1.67 and 0.23-1.39 pm at a residence time of 7, 
14 and 28 s, respectively. Also, consistent with previous studies [37,47,51], droplet size 
decreased with increasing sonication power and residence time. Increasing both variables 
increases the amount of energy that is transferred to the emulsion and also the intensity 
of cavitation events, thereby resulting in more effective droplet size reduction. However, 
there exists an optimal power input above which coalescence prevails and re-increases 
droplet diameter [57]. The way the droplet size distribution changes when both sonication 
power and residence time are increased depends on the susceptibility of the larger 
droplets to breaking by cavitation as the smaller droplets are more resistant or even stable. 
Increasing the number of cavitation events by increasing either the power or residence time 
mainly affects the larger oil droplets and causes accumulation of fine droplets. 


Volume ratio of phases 

The volume ratio of the dispersed phase to the continuous phase, </>, is another key variable 
in the preparation of emulsions. Juang and Lin studied the effect of this variable in the w/o 
model of water-in-kerosene by changing this ratio from 1 to 10 at a constant volume of 
aqueous phase [56]. Figure 6.12B shows the influence of volume ratio on the emulsification 
efficiencies obtained at a constant ultrasonic power of 93 W. As expected, the emulsification 
efficiency increased with decreasing fa,. However, it was relatively low (about 80%) at 
fa, = 4 and decreased markedly at higher ratios. This was a result of the amount of organic 
phase not being large enough to enclose the whole dispersed phase. Some authors have 
established a threshold ratio that depends mainly on the composition of the organic phase. 

At a certain volume ratio between the phases, the dispersed phase is converted into 
the continuous phase and vice versa. In the water/kerosene/polyethoxylated sorbitan 
monostearate system, when this phenomenon, which is known as “phase inversion”, 
occurs identical volumes of both phases are used to obtain o/w emulsions with an US 
horn at 20 kHz [51]. 
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Figure 6.12. (A) Variation of the Sauter diameter c/ 32 with the irradiation time. 
(+) mechanical agitation and (m) US-assisted emulsification. C (concentration) = 10 g/l, 
(j) (volume ratio of phases) = 0.25, P ma = 170 W and P us = 130 1/1/ (Reproduced with 
permission of Elsevier, Ref. [51].) (B) Influence of the volume ratio on the efficiency 
of US-assisted emulsification. (•) (j) = 1, (t) 0 = 2, (m) </> = 4, (+) 0 = 8 and (a) (j) = 10. 
P = 93 1/1/ volume of aqueous phase = 100 ml and C s (surfactant concentration) = 3%. 
(Reproduced with permission of Elsevier, Ref. [56].) (C) Variation of the Sauter diameter 
d 32 with the surfactant concentration. (+) mechanical agitation and (m) US-assisted 
emulsification, t = 30 s, 0 = 0.25, P ma = 170 W and P us = 130 W. (Reproduced with 
permission of Elsevier, Ref. [51].) 


Viscosity 

The viscosity of a liquid has been reported to affect the onset of acoustic cavitation. 
Viscosity is a qualitative measure of molecular interaction in a liquid. The higher the vis¬ 
cosity is, the higher are the attractive forces between the molecules and hence, the higher 
is the threshold intensity of US where cavitation starts. Based on experimental evidence, 
Briggs et al. [58] developed a quantitative relation between liquid viscosity 77 and the 
experimental value of the cohesive pressure p co , which is defined as the difference 
between the hydrostatic pressure p 0 — which coincides with ambient pressure when no 
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external pressure is applied — and the threshold pressure p th for the onset of cavitation. 
Cohesive pressure describes the resistance of the liquid to the formation of cavities through 
expansion. 

A study on the influence of the viscosity of the dispersed phase in the preparation of 
emulsions of vegetable oils (olive, soyabean and linseed) in water with US assistance 
revealed that replacing the oil with the highest viscosity and interfacial tension — olive oil — 
with soyabean oil, which has slightly lower viscosity and interfacial tension, caused virtually 
no reduction in droplet size. Linseed oil, with much lower viscosity and interfacial tension 
than olive oil, exhibited a much smaller Sauter diameter than the latter (viz. 0.47 pm 
versus 0.62 pm). Breaking low-viscosity droplets requires less vigorous cavitation shock 
waves than breaking more viscous ones [49]. 

The effect of the viscosity of the continuous phase was studied theoretically in o/w emul¬ 
sions containing water-soluble stabilizers and also in w/o emulsions of various oils [32]. 
In the former, droplets were larger in the absence of a stabilizer than in its presence. 
However, there was no clear-cut correlation of the viscosity of the continuous phase with 
droplet size. This can be ascribed to the increased amount of energy dissipated in the 
immediate vicinity of the droplets relative to the bulk liquid, which may result in more efficient 
disruption than if the energy dissipation occurs evenly throughout the continuous phase. The 
addition of a stabilizer possibly alters and partly suppresses cavitation in the bulk liquid, 
the cavitation threshold and viscosity being related similarly as in pure liquids [58]. The 
energy may subsequently dissipate preferentially at the surface of droplets and result in 
more efficient use in terms of droplet disruption. 

A study of w/o emulsions consisting of various oils revealed that the viscosity of the 
continuous phase could be changed by about three orders of magnitude without the need 
for additional soluble components. This study was conducted at a variable energy density. 
In all cases, the mean droplet size was found to decrease with increasing energy density. 
At low ratios (about 1%) of the dispersed-to-continuous phase, the viscosity of the 
continuous phase had little influence on droplet size at a constant energy density. Under 
these conditions, the emulsification efficiency was found to depend solely on the amount 
of energy per volume dissipated by cavitation. Also, physical liquid properties proved less 
important relative to pure liquids as a result of dispersed particles acting as “weak spots” 
in the system. The droplet sizes of the emulsions of the less viscous oils containing about 
10 and 1 % water were similar. The droplets of the emulsions of the highly viscous oils were 
slightly larger; however, their Sauter diameters were still below 1 pm. 

At a constant energy density, droplet disruption is not expected to depend on the 
viscosity of the continuous phase. However, coalescence is especially significant at high 
water contents. The effect may be stronger in the more viscous oils as small droplets will 
separate more slowly, shortly after disruption, thus increasing contact times and hence 
the likelihood of coalescence [32]. 

Further research is needed on the influence of the viscosity of the continuous phase on 
US emulsification with a view to assess the significance of cavitation as a droplet disruption 
mechanism. 


Surfactant concentration 

The emulsification efficiency can be increased by increasing surfactant concentration in 
the medium; in fact, emulsion droplets find it difficult to disperse and tend to grow large at 
low concentrations of surfactant. Figure 6.12C shows the variation of droplet size 
(expressed as the Sauter diameter, d 3 2 ) in a w/o water-in-kerosene emulsion at variable 
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surfactant concentrations [51]. As can be seen, d 32 decreased significantly with increasing 
surfactant concentration up to a specific value (6% in this case). Surfactants are known to 
form an adsorbed monolayer onto the emulsion droplets. At surfactant concentrations 
below 6%, the transient interface was incompletely covered, so droplets coalesced and 
resulted in higher d 32 values. At surfactant concentrations above 6%, d 32 decreased only 
slightly, as it does in other systems. This can be ascribed to the excess surfactant or micelles 
being adsorbed onto the surface of the emulsion droplets and causing the droplets to 
coalesce [56]. 


Hydrostatic pressure 

Cavitation in a high-intensity ultrasound field is the controlling mechanism of energy 
dissipation. The ambient pressure created by the pressure amplitude of the US wave may 
have two different effects on the magnitude of the cavitational effects. First, as stated in 
Chapter 1, applying an external pressure raises the cavitation threshold. However, the 
intensity of cavitation collapse produced by bubbles increases with increasing ambient 
pressure. Behrend and Schubert studied the influence of the hydrostatic pressure on 
emulsification using vegetable oil-in-water emulsions as model systems in a semi-continuous 
approach [37]. For this purpose, emulsions were processed at a constant flow-rate and 
variable pressures. They found droplet size to increase with increasing pressure and 
ascribed it to partial suppression of cavitation in the system. These authors also used 
variable energy densities. The highest energy densities were obtained at moderate pres¬ 
sure, where cavitation intensities peaked. No clear-cut effect of the hydrostatic pressure 
in the system was observed at a constant energy density. Therefore, the application of an 
external pressure may neither influence the magnitude of cavitational effects per unit 
volume, nor the intensity of cavitation collapse, the effect on droplet disruption depends 
on the particular experimental range. 


Dissolved gas 

The effect of the presence of dissolved or dispersed gas in a sonicated liquid on ultra- 
sound-induced cavitation is well documented. Some authors deem the dissolved gas 
indispensable for cavitational effects to occur as gas molecules or microbubbles provide 
the basis for bubble formation and growth. However, a higher content of gas in the liquid 
will increase the gas-vapour ratio inside the bubbles. By virtue of its dissolution kinetics, 
the gas acts as a buffer, cushioning bubble collapse and reducing shock wave intensity as 
a result. Behrend and Schubert studied the effect of the gas content in the liquid and 
found the highest energy densities to be exhibited by the non-pretreated system. Both 
degassing and gas saturation led to reduced peak energy intensities. However, similar to 
external pressure, the gas content has no clear-cut effect on the droplet disruption at a 
constant energy density [37]. 


6.3.4. Applications of ultrasound-assisted emulsification 

For the interest of analytical chemists, a large number of methods have been developed 
where ultrasonic emulsification is a key step in the determination of the target analytes. 
Most such methods are concerned with the determination of metallic elements in liquid 
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samples by the use of an atomic detector. Ultrasonic emulsification can be implemented 
in two ways in the analytical process depending on the sample composition: organic 
or aqueous. Organic samples require previous LLE as direct analysis with atomic detectors 
can pose problems such as the following facts: (1) calibrating with aqueous standards 
is inappropriate and dissolving metal in organic solvents can be difficult; (2) evaporation 
of the organic solvent can alter analyte concentrations; (3) some system components 
such as nebulizers can wear or clog; (4) sample insertion into graphite furnace is poorly 
reproducible; and (5) losses of plasma ionization power in ICP can turn it off. One effective 
alternative is emulsification of the organic sample with an aqueous phase containing 
an acid or a ligand, as the method of Murillo et al. [59], who determined Mg, Ca and Zn 
in organic matrices such as lubricating oils with ultrasonic emulsification of the sample 
in water containing ethoxy nonylphenol as a surfactant. After emulsification, the analytes 
were determined by ICP-AES with RSDs between 3 and 5%. The aqueous phase should 
not contain any strong oxidants in order to avoid decomposition of the organic phase; 
thus, Wang et al. found mixing the organic phase with a powerful oxidant such as concen¬ 
trated nitric acid as aqueous phase caused sample digestion [60]. 

Ultrasound-assisted emulsification in aqueous samples is the basis for the so-called 
“liquid membrane process” (LMP). This has been used mostly for the concentration and 
separation of metallic elements or other species such as weak acids and bases, hydrocar¬ 
bons, gas mixtures and biologically important compounds such as amino acids [61-64]. 
LMP has aroused much interest as an alternative to conventional LLE. An LMP involves 
the previous preparation of the emulsion and its addition to the aqueous liquid sample. In 
this way, the continuous phase acts as a membrane between both the aqueous phases 
(viz. those constituting the droplets and the sample). The separation principle is the diffusion 
of the target analytes from the sample to the droplets of the dispersed phase through the 
continuous phase. In comparison to conventional LLE, the emulsion-based method 
always affords easier, faster extraction and separation of the extract — which is some¬ 
times mandatory in order to remove interferences from the organic solvents prior to detec¬ 
tion. The formation and destruction of o/w or w/o emulsions by sonication have proved an 
effective method for extracting target species. 

LMP has been used for trace analysis by impregnation of emulsion globules with 
chelating agents, as in the determination of traces of cobalt, nickel and copper from a pre¬ 
viously dissolved aluminium matrix [65]. A water-in-oil emulsion was prepared with diluted 
hydrochloric acid as a dispersed phase, thenoyltrifluoroacetone as a chelating agent, 
Span-80 as a non-ionic surfactant and toluene as a continuous phase. The mixture was 
sonicated and the resulting emulsion added to 25 ml of sample solution and dispersed by 
stirring as tiny globules. Traces of heavy metals diffused through the toluene layer into the 
small droplets of hydrochloric acid encapsulated into the emulsion. This method was also 
used to determine metallic elements in sea water. An oxine-impregnated emulsion was 
prepared by dissolving the oxine and a non-ionic surfactant (Span-80) in toluene as a con¬ 
tinuous phase, which was mixed by sonication with diluted hydrochloric acid. The water- 
in-oil emulsion was added to the water sample and dispersed as numerous small globules 
(0.1-0.5 mm in diameter) by stirring for 10 min. The metallic elements diffused through 
the toluene layer into the small droplets of hydrochloric acid. After collection, the tiny globules 
were demulsified by flotation and heating to separate the aqueous and organic phases 
while metals remained in the aqueous phase and were determined by atomic absorption 
spectrometry. In this way, a preconcentration factor of 100 was obtained [66]. 

One salient advantage of LMP is that it affords discrimination between different species 
of a given element by using emulsions containing a surfactant. This has been demonstrated 
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for copper and iron in river water [67,68]. Iron is the most abundant heavy metal in 
river water; its most usual oxidation state, Fe(lll), reacts with coexisting organic and inorganic 
matter to form complicated colloidal and suspended particles. The chemical speciation of 
iron aided by emulsion globules is based on discriminating between collectable species 
and those which do not penetrate into the emulsion globules. Collectable species include 
hydrated iron(lll) oxide of size smaller than 1 pm and, if present, hydroxo complexes and 
hydrated ions. On the other hand, non-collectable species include humic complexes, 
hybrid particles of hydrated Fe(lll) oxide and humic substances, as well as suspended 
solids in particle sizes higher than 1 pm. This discrimination ability can be attributed to the 
surfactant layer at the oil-water interface. The method was compared with the conven¬ 
tional LLE, which provides no such selectivity because all Fe(lll) species are extracted 
simultaneously into the organic phase under vigorous shaking. This example testifies 
to the ability of emulsion globules to discriminate physico-chemical forms of trace 
elements. 

Ultrasonic-assisted emulsification is commonplace in the pharmaceutical, cosmetic, 
food, chemical and other industries. The target process is first studied at the laboratory 
scale in order to maximize emulsification efficiency at the lowest possible cost. To this 
end, analytical methods are frequently developed to examine the influence of variables or 
new ultrasonic emulsifiers tested for this purpose. When favourable results are obtained, 
the process is scaled-up to industrial level. 

Ultrasonic emulsification can be used in different situations ranging from normal condi¬ 
tions to others requiring manufacturing equipment that can be readily cleaned and sterilized. 
This is especially important in the food or pharmaceutical fields, where the use of ultrasonic 
processing systems with aseptic production is indispensable with a view to avoid product 
contamination. New ultrasonic processing systems are continuously designed for this 
purpose [49]. 

The pharmaceutical field is among those most widely exploiting ultrasonic emulsification 
(mainly for the preparation of emulsion-based drugs). Thus, US emulsification has been 
recently used to prepare biodegradable nanoparticles that can in turn be used to obtain 
drug-loaded biodegradable microspheres. The method involves ultrasonic emulsification in 
a continuous flow system to obtain suspended nanoparticles, followed by collection of the 
particles, solvent extraction and evaporation [49]. 

Ultrasound has also been employed to obtain non-aqueous emulsions, which are of 
great interest for non-analytical applications such as the preparation of sol-gels with 
hydrolysable metal alkoxides in organized media, or the incorporation of hydrolysable 
drugs. Analytical applications in which the presence of water is undesirable can also take 
advantage of non-aqueous emulsions. These emulsions may be of pharmaceutical 
or cosmetic interest if they are primarily composed of edible and non-toxic ingredients; 
also, they can be formulated to exhibit a wide range of physical properties. Potential uses 
are as topical dermatological bases — particularly for labile drugs — as emollient bases for 
cosmetic preparations and as nutrient preparations. Stable non-aqueous emulsions can 
be obtained in two general ways. One involves surfactants consisting of two incompatible 
blocks selectively soluble in each of the immiscible liquids. Thus, diblock copolymers of 
polystyrene and polyisoprene can stabilize DMF/hexane emulsions for almost 24 h [69]. 
The main drawback of this approach is the need to develop new surfactants tailored to the 
particular liquid combination. The other choice is to find an appropriate oil-immiscible polar 
liquid that can substantially replace water as a surfactant solvent. A liquid capable of replac¬ 
ing water in an emulsion should possess an appreciable polarity to make it immiscible with 
oils and a good solvent for the solvophilic part of the surfactant molecules [70]. 
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6.4. JOINT USE OF ULTRASOUND AND LIPOSOMES: 

AN ANALYTICAL TOOL 

Liposomes are spherical vesicles formed by the aggregation of amphiphilic phospholipid 
molecules in a bilayer structure. Liposome formation occurs when phospholipids are 
dispersed into an aqueous medium — usually water — as a result of interactions between 
phospholipids and water. Thus, liposomes encapsulate part of the aqueous medium in 
which they are suspended. The amphiphilic character of phospholipids allows them to form 
closed structures where hydrophobic and (or) hydrophilic molecules can be entrapped 
or anchored. 

Liposomes occur in nature, but can also be easily synthesized in the laboratory. 
Depending on the preparation method used, which influences their size — in relation to 
the number of bilayer shells — and physical properties, liposomes are classified as small 
unilamellar vesicles (SUVs, 25-50 nm), large unilamellar vesicles (LUVs, 100 nm to 1 pm), 
giant unilamellar vesicles (GUVs, 1.0-200 pm) multilamellar vesicles (MLVs, 0.1-15 pm), 
and multi-vesicular vesicles (MVVs, 1.6-10.5 pm); the last consists of several small vesicles. 
Bicelles, which contain surfactant molecules in the lipid bilayer, constitute a special type 
of liposome. 

The mechanical and chemical properties of liposomes can be altered by incorporating 
a great variety of compounds into their structure. Thus, hydrophilic molecules can be 
entrapped in the aqueous cavity, hydrophobic molecules can be entrapped within the 
organic chains of the bilayer and amphiphilic compounds can be anchored to the polar head 
groups or inserted into the organic chains depending on the particular functional group. 

The nature and properties of liposomes are directly related to the preparation method 
used (specifically, to the phospholipid composition) and on the presence of other chemical 
species in the liposome structure. Thus, mixtures of egg phosphatidylcholine are primarily 
used by virtue of their low cost and neutral charge; other neutral phospholipids such as 
sphingomyelin and phosphatidylethanolamine are also frequently used. Charged liposomes 
can be prepared by the addition of negatively charged amphiphiles (e.g. diacetylphosphate, 
phosphatidyldiglycerol, phosphatidic acid, phosphatidylserine, polymers and DNA) or 
positively charged amphiphiles (e.g. stearylamine, sphingosine). Cholesterol, which is 
naturally present in biological membranes, is frequently used to synthesize liposomes. 
The inclusion of cholesterol in liposomes plays a prominent role in controlling the fluidity 
and permeability of the artificial vesicles. 

Liposomes have aroused interest in a great variety of areas from biochemistry and 
molecular biology to cosmetics and food technology. One of the most salient applications 
of liposomes has been promoted by their high similarity to natural cell membranes, for 
which they are extensively used as substitutes in medical and pharmaceutical research. 
Since their inception, liposomes have often been used as models for studying the nature 
of cell membranes, the structure and functions of which they can mimic quite closely. 
One example is the determination of membrane distribution coefficients of drugs with a 
view to estimate their ability to penetrate cells. Interactions between analytes and phospho¬ 
lipid membranes depend on the characteristics of both the analytes and the membrane. 

Liposomes can play two different roles in analytical chemistry [71]: 

(1) as target analytes or matrices for the target analytes, and 

(2) as analytical tools for some step in the analytical process. 

Liposomes and their constituents have been determined as target analytes by using 
current analytical techniques — usually, they require some separation. Some liposomal 
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determinations have exploited the advantages of US energy discussed at length in 
Chapters 3-8. Typical examples include the determination of phosphatidylcholine in 
liposome suspensions using ICP-AES with an ultrasonic nebulizer [72] and that of the 
phospholipid-lipophilic compound ratio in liposomes by thin-layer chromatography scan¬ 
ning densitometry — which involves US-assisted preliminary extraction [73]. 

This section focuses mainly on the use of liposomes as analytical tools as these 
aggregates — the formation of which can be greatly favoured by US — can play major 
roles towards improving analytical properties such as sensitivity and selectivity in some 
analytical steps. The increased sensitivity achieved normally results from their ability to 
amplify signals; such is the case with fluorescent liposomes in fluorescence-based 
immunoassays [74-76]. Concerning selectivity, liposomes are frequently used as trans¬ 
port devices or active phases in separations. In both cases, the experience acquired in 
other research areas has been exploited in the analytical field. Ultrasound has also been 
used in combination with liposomes to increase the efficiency of analytical steps involving 
their presence. Applications in this area range from the preparation of liposomes or encap¬ 
sulation of various types of compounds in the liposome structure to special processes in 
which US enhances the actuation of liposomes. 


6.4.1. Ultrasound-assisted liposome preparation 

There are various methods for preparing liposomes in different sizes, membrane compo¬ 
sitions and layer structures. Their outcome is greatly influenced by the particular treat¬ 
ment and temperature used to form the liposomes. Temperature is an essential parameter 
in dealing with both liposomes and with biological membranes. Membrane bilayers exist 
in a fluid state above the main phase-transition temperature (7 m ) and in a well-ordered gel 
state below T m . Under normal conditions (i.e. at body temperature), biological membranes 
will be generally in a fluid state. The phase-transition temperature of the phospholipids 
depends on variables such as the length of the acyl chains, degree of saturation, structure 
of the polar head group and water content. 

Although liposomes can form spontaneously, they are rarely thermodynamically stable, 
so they usually require some auxiliary energy such as mechanical agitation, electric energy, 
US or combination of mechanical treatments. The main advantage of US assistance here 
is that it does not raise the temperature significantly. Ultrasonic energy has been used to 
assist the two most common methods of liposome preparation, namely: 

(1) The reversed-phase evaporation method, in which the lipids are previously dissolved 
in an organic solvent (usually chloroform). The solvent is evaporated and the lipid 
residue dissolved in ethyl ether. Then, an aqueous electrolyte solution (e.g. Tris/HCI 
buffer at pH 7.8) is added and the solution purged with He. After sonication for 5 min 
at 20°C under a He atmosphere, the organic solvent is evaporated until the mixture 
becomes a gel-like suspension. Each individual step of the production process 
requires appropriate optimization (sonication included). This method was used to pre¬ 
pare liposomes containing sulphorhodamine B and labelled with atrazine; it provided 
reproducible LUVs of diameter 654 ± 109 nm [77]. Also, liposomes thus prepared 
were used to determine alachlor in environmental samples by immunoanalysis [78]. 
For this purpose, samples were mixed with dipalmitoyl phosphatidylethanolamine 
using A/-succinimidyl-S-acetylthioacetate. The mixture, where the alachlor was cova¬ 
lently bonded to the lipids, was then dissolved in a non-specified organic solvent. After 
sonication and removal of the organic solvent, the liposome suspension was reacted 
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with potassium ferrocyanide, filtered, gel filtered and, finally, dialysed to proceed with 
the analytical process. 

(2) The dry lipid film method, which involves dissolving the lipids in an organic solvent 
(usually chloroform). The solvent is removed by evaporation under an argon atmos¬ 
phere in a 50°C water bath with constant rotation until a thin film of lipids was formed 
on the recipient walls. The resulting lipid film is then placed in a desiccator under 
vacuum for complete drying. Next, the lipid film is rehydrated and the resultant disper¬ 
sion sonicated until the mean size of the liposomes reaches the desired value. 
Liposomes are then frozen at -70°C, lyophilized and finally stored at 4°C or used 
immediately. This method has been frequently used for the production of acoustically 
active liposomes, the uses of which are discussed in the application section, and the 
encapsulation of substances (usually by rehydration with a solution of the compound 
concerned). In combination with mannitol and an intermediate sonication step, it pro¬ 
vided excellent results in the encapsulation of a hydrophilic solute such as calcein 
[79]; the encapsulation efficiency, about 15%, was significantly improved (up to 20%) 
by increasing the number of freeze-thaw cycles. The method has also been used to 
prepare antibody-conjugated liposomes using a phospholipid containing a maleimide 
group in the liposomes for conjugation to the antibodies [80]. 


6.4.2. Ultrasound-assisted applications of liposomes 

Interest in analytical uses of liposomes is growing steadily as shown by the publication of 
large number of articles on this topic [71,81]. Applications have used various techniques 
including liquid chromatography, capillary electrophoresis, immunoassay and sensors. 
The results warrant some interesting conclusions from the bioanalytical, medical and 
pharmaceutical points of view. 

Those analytical systems where liposomes are used as artificial cell membranes to 
study body distribution mechanisms as efficient drug-delivery systems, controlled drug 
delivery, the synthesis of new biomaterial for tissue engineering and gene therapy are 
worthy of special mention. 


Ultrasound-assisted preparation of liposome-based sensors 

Immobilizing a sensing reagent in the host matrix of an optochemical sensor greatly affects 
its stability. Immobilization by the formation of covalent bonds between the sensing reagent 
and the support is usually the preferred method because it avoids leakage of dye mole¬ 
cules from the host matrix [82,83]. The presence of an appropriate functional group in the 
sensing reagent is indispensable for covalent immobilization. Thus, if functionalization is 
required, the structural and spectral properties of the sensing reagent may be altered. 
Physical immobilization of the sensing reagent overcomes these shortcomings; however, 
dye leakage and functionalization problems decrease sensor stability [84]. Alternatively, 
the sensing reagent can be encapsulated in the internal compartment of liposomes, usu¬ 
ally entrapped in a sol-gel film (which is extensively used as a matrix for fluorescence 
sensors [85,86]). Sol-gel supports have some advantages including mechanical and 
chemical stability, lack of spectral interferences, minimal quenching of fluorescence 
reagents and ease of fabrication. 

Ultrasound can play a prominent role in the preparation of sensors such as that developed 
by Nguyen et at. [87], which required sonication of a mixture of tetramethylorthosilicate, 
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water and 0.1 N HCI for 2 h to make it clear, colourless and monophasic. The ensuing 
solution was stored at -20°C for 7 days to ensure complete hydrolysis of the unreacted 
silicate. Then, it was mixed with the liposomes encapsulating the sensing reagent until 
gelation. This procedure is effective in preventing dye leakage and increasing the chemical 
stability of sol-gel-based optochemical sensors. Encapsulating water-soluble fluorescent 
dyes in liposomes is easy; also, the presence of conjugating functional groups is not neces¬ 
sary. A pH sensor obtained with this immobilization method is more stable than those 
prepared by physical immobilization. The method has also been used to immobilize 
liposome-encapsulated enzymes in sol-gel matrices for the preparation of biosensors [88]. 

The two previous examples testify to the effectiveness of US for liposome preparation 
without degradation problems. Its advantages can be extended to other analytical techniques 
such as liquid chromatography and capillary electrophoresis, where US can help in the 
immobilization of liposomes to be used as stationary phases. 


Other fields of application of ultrasound-assisted formation of liposomes 

The similarity of liposome structure to cell membranes has promoted a large number 
of studies in various fields. The analytical chemist can also exploit the characteristics of 
liposomes to develop new analytical methods or contribute to expand their use in other 
fields such as medicine, pharmaceutics or biochemistry. 

One open field for liposome application where US plays a crucial role is as vehicles for 
carrying compounds. Thus, liposomes have been explored as non-toxic, biodegradable 
and non-immunogenic drug-delivery vehicles. They are suitable for delivering both 
hydrophilic and lipophilic drugs. When a drug is incorporated into liposomes, its pharma¬ 
cokinetics is markedly changed; as a result, its systemic toxicity is lowered and its prema¬ 
ture degradation or inactivation reduced [89]. Ideally, liposomes are able to carry an 
appropriate drug dose, remain stable in circulation and then release their drug contents 
up to a relatively high concentration in order to exert its intended therapeutic effect at the 
target site. In order to deliver a high local dose, triggerable release would be desirable. 
However, few triggering procedures have so far been reported; all are based on the appli¬ 
cation of electric or magnetic fields, variations of temperature or pH and irradiation with 
ultrasonic energy. Some advantages such as its non-invasive character and the ability to 
penetrate into the body make US an interesting choice for controlled release applications. 
In addition, US can be focused on targeted sites and increase the permeability of 
blood-tissue barriers and cell membranes [90]. 

One requirement for liposomes to respond to US stimulation is the presence of a 
US-sensitive vehicle. Thus, early research showed that acoustically active liposomes can 
be used as contrast agents for US image enhancement [91]. Also, subsequent studies 
revealed that such liposomes encapsulate air — which is responsible for their acoustic 
activity — in their structure [92]. These acoustically active liposomes have the potential to 
carry drugs and their acoustic activity allows them to respond to US stimulation by releasing 
their contents. 

The effect of US on content release is attributed to the rarefaction phase of the sound 
wave. Thus, when the negative US wave impinges upon the liposomes, the air pocket 
expands and stresses the bounding monolayers and also those in the adjacent bilayer. 
If the pressure drop is large enough, then the stress exceeds the elastic limit of the weak¬ 
est surface and, at some point, either the bilayer or the monolayer rends. When the 
integrity of the vesicle is lost, some or all contents are released. If the air in the pocket 
is expanded faster than it is diffused to the external aqueous phase, then, the monolayer 



224 


Ultrasound Assistance to Heterogeneous Liquid-Liquid Systems 


or bilayer reaches the lysis threshold and most liposomes release some contents. The 
ultrasonic frequency used for the delivery of compounds is about 1-2 MHz [79]. 

Similar to drugs, liposomes could be conjugated with antibodies, peptides and genes, 
among others, to expand the existing range of analytical and non-analytical applications 
of US. 
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CHAPTER 7 

Ultrasound-Assisted Analytical Chemical Reactions 


7.1. INTRODUCTION 

The enormous influence of US on chemical reactions, particularly in organic syntheses, 
has been widely exploited for more than two decades, as reflected in the large number of 
books devoted to this specific use of US over this period [1-7]. However, the earliest uses 
in this field date from 1938 [8]. Industrially, US is largely used to accelerate chemical reac¬ 
tions (especially organic syntheses) and also in degradation and hydrolysis reactions. By 
contrast, US has been only sparingly used to assist analytical reactions despite the 
proven high potential of this form of energy for their acceleration. 

Preliminary studies conducted in the 1980s by the authors’ research group [9] using 
continuous flow injection approaches clearly exposed the following effects of US on 
analytical systems: 

(1) US dramatically increases dispersion of an injected volume in the carrier, which adds 
to the effects of, especially, the flow-rate, reactor length, inner diameter of the trans¬ 
porting tubes, viscosity and temperature. 

(2) Homogeneous uncatalysed reactions (e.g. the formation of the Co-salicylaldehyde 
thiosemicarbazone complex, which requires the prior oxidation of Co(ll) to Co(lll)) are 
less markedly affected by US than are homogeneous catalysed reactions (e.g. the 
copper-catalysed oxidation of 2,2'-dipyridylketone hydrazone by hydrogen peroxide). 
The yield of these reactions increases by 28 and 300%, respectively, relative to 
unsonicated blanks. 

(3) Heterogeneous reactions are most strongly influenced by US. One case in point is the 
Griess reaction, which can be boosted by inserting a redox or catalytic reactor in line 
with a dynamic system to reduce the previous nitrate to nitrite. Another reaction is the 
above-mentioned oxidation of a hydrazone by hydrogen peroxide, but catalysed in this 
case by a solid copper reactor instead. Despite the promising initial results, this 
research line was not re-started by the authors’ group until very recently. Contributions 
in this area therefore remain scant. 

This chapter deals mainly with the types of analytical reactions assisted by US so far 
(namely, derivatization, oxidation and hydrolysis reactions). Also, it examines the impor¬ 
tance of sonochemistry in other fields and potential applications of the experience gained 
in other areas such as US-assisted synthesis, hydrolysis, degradation and polymerization 
for analytical purposes are briefly discussed. 


7.2. ULTRASOUND-ASSISTED DERIVATIZATION 

Ultrasound-derivatization reactions involve inorganic, organic and organic-inorganic 
species, and are implemented in discrete or continuous systems. Most have exploited 
existing experience in non-analytical areas. They are discussed below according to 
chemical type. 
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7.2.1. Depolymerization reactions 

The very long experience with the depolymerizing effect of US on high polymers such as 
starch, gelatine and arabic gum [10-12] can be used in analytical chemistry to boost reac¬ 
tions involving a slow, limiting depolymerization step (e.g. the determination of phosphate 
using the Molybdenum Blue method [13]). Molybdenum Blue forms in two steps involving 
(1) the reaction of o-phosphate with molybdate ions in an acid medium to give molyb- 
dophosphoric acid, and (2) reduction to the blue heteropolyacid by a suitable reductant 
(usually ascorbic acid). Application of US in both steps showed that ascorbic acid was 
degraded via an oxidation reaction promoted by free radicals formed during irradiation. 
Also, application of US for 15 min during the formation of the heteropolyacid was found 
to increase the absorbance of the solution by about 20%; however, US application to the 
molybdate solution for 1 min provided the same improvement, so the limiting step was 
depolymerization of molybdate ions, which occurred rapidly in the presence of US. 


7.2.2. Redox reactions 

The formation of OH and H radicals in sonicated aqueous media accelerates or facilitates 
redox reactions which are slow or unlikely in the absence of US. Such is the case which 
the photometric determination of nickel by complexation with dimethylglyoxime, which 
involves the oxidation of Ni(ll) by bromine, iodine, hydrogen peroxide or persulphate. The 
oxidant is mixed with the Ni(ll) solution prior to adding the chelating agent; however, 
replacing the oxidant with US irradiation under reproducible conditions as regards the 
position of the reaction vessel — in the centre of the US bath — and continuous renewal 
of the bath water at 400 ml/min substantially increases the absorbance and precision rel¬ 
ative to the strongest oxidant among those commonly used for this purpose (viz. persul¬ 
phate), as shown in Fig. 7.1. In addition, the absence of an oxidant reduces interferences 
from Fe(ll), Cu(ll), Co(ll), particularly when air is continuously bubbled into the solution, 
as a result of the formation of nitrite and nitrate ions in aqueous solutions saturated with 
air or nitrogen upon exposure to low-frequency US [14]. As noted earlier, the oxidation of 
Co(ll) to Co(lll) prior to complexation with salicylaldehyde thiosemicarbazone in a contin¬ 
uous manifold is also accelerated by US [9]. 

Not all redox reactions are favoured by US. One that is not is the basis for the deter¬ 
mination of polyphenols in extra virgin olive oil by the extraction of the target analytes into 
a basic aqueous medium containing the Folin-Ciocalteu reagent. Mass transfer of the 
polyphenols to the aqueous phase is doubly displaced by the conversion of the analytes 
into their polyphenolates and subsequent oxidation by the Folin-Ciocalteu reagent. The 
overall process is greatly enhanced by US irradiation; however, tests examining the influ¬ 
ence of US on each step separately by applying US for 3 min in each revealed no dif¬ 
ference in the oxidation reaction relative to an insonated blank [15]. The method, 
implemented in a continuous manifold, has been discussed in Chapter 6; the experimen¬ 
tal set-up and the recordings obtained — which expose the influence of US on the 
extraction process — are shown in Figs. 6.2 and 6.3. 


7.2.3. Esterification reactions 

Resolving enantiomers usually requires the use of a derivatization reaction that is of 
the esterification type when a-hydroxy acids are to be derivatized with (+)-1-(9-fluorenyl) 
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Figure 7.1. Comparison of the absorbance of Ni-dimethylglioxime complex in an 
ultrasonicated solution (•) and in one containing persulphate (o). [Ni(ll)] = 1.0 mg/I. 
(Reproduced with permission of Elsevier, Ref. [14].) 


ethyl chloroformate. Fransson and Ragnarsson [16] used reverse phase liquid chromatog¬ 
raphy (RPLC) to separate the analytes, and a US bath to implement the derivatization reac¬ 
tion; however, they did not provide any details about the gains in using this type of energy. 

The conversion of amino acids into A/(0,S)-ethoxycarbonyl amino acid ethyl esters is 
significantly improved by US assistance. The derivatization reaction, developed at 
a microscale, constitutes the step prior to single-drop microextraction, which is followed 
by GC-MS. Single-drop microextraction (SDME) is a relatively new sample preparation 
mode which enables extraction of the analytes or their derivatization products into a small 
volume of organic solvent. It uses a small drop of water-immiscible solvent for sample 
preparation, combines extraction and preconcentration in a single step [17-19], is expedi¬ 
tious and can be implemented with simple equipment usually available in analytical 
laboratories. The derivatization step involves mixing 1 ml of sample (urine) with 400 pi of 
4:1 ethanol-pyridine and 100 pi of ethylchloroformate. The reaction vial is ultrasonicated — 
no information about the characteristics was reported in the original article — for 10 min, 
followed by the addition of 50 mg of NaCI and vigorous stirring for 2 min until all suspended 
air and C0 2 produced by the reaction are removed. Comparative tests of the derivatization 
reaction of 12 amino acids assisted by stirring at room temperature, at 70°C and under 
ultrasonication only provided the results shown in Fig. 7.2, which can be summarized as 
follows: 

(1) the reaction involving stirring at room temperature took a long time to complete and 
barely levelled off after 80 min; 

(2) heating and ultrasonication considerably accelerated the reaction, the latter clearly 
being a better choice for fast completion of the reaction; 

(3) ultrasonication can expose subtle interactions and special effects of entropic and 
enthalpic origin; 
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Figure 7.2. Progress of the derivatizing reaction of 12 amino acids under stirring (*), 
heating (m) and ultrasonication (a), expressed as the sum of all peak heights. 
(Reproduced with permission of Elsevier, Ref. [20].) 


(4) the efficient removal of bubbles from the bulk solution by US is of paramount impor¬ 
tance as bubbles are detrimental to the SDME process — by attaching to drops, they 
reduce the surface available for extraction and facilitate dislodgement. Ultrasonication 
for 10 min following 2 min of vigorous stirring increased the yields of the corresponding 
derivatives by 20-35%, depending on the particular amino acid [20]. 


7.2.4. Alkylation reactions 

Although gas chromatography (GC) affords the separation and quantification of phenols, 
the results are often poor by the effect of the high polarity and low vapour pressure of 
these compounds [21]. Because isomeric compounds with almost identical properties 
(e.g. o-, m- and p-cresols) are difficult to separate [22,23], derivatization reactions involving 
the formation of ethers [24] and esters [25], and (or) bromine [26] and silyl derivatives [27] 
are frequently used to improve the chromatographic characteristics of the analytes [24]. 
One simple, efficient derivatization reaction is acetylation by acetic anhydride in an alka¬ 
line aqueous medium [28,29], which has been used for the automated determination of 
phenolic compounds (viz. phenol and o-, m- and p-cresol). The procedure, depicted in 
Fig. 7.3, involves three main steps, namely: (a) ultrasound irradiation to accelerate the 
derivatization reaction; (b) pervaporation [30] to remove the products of the target ana¬ 
lytes from the aqueous matrix; and (c) GC to separate the individual products, followed by 
flame ionization detection (FID) [31]. The sample was pumped into the reaction chamber 
together with the reagent and stopped in it for US irradiation for the required time; then, 
the mixture was led to the lower chamber of the pervaporation unit for transfer of the 
volatile products to the upper chamber, from which a He stream was used to transfer 
the pervaporated species to the separation column. The multivariate optimization design 
used in step (a) showed the probe distance to the reaction chamber to be the most 
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Figure 7.3. Experimental set-up for the fully automated continuous determination of 
phenols. FID — flame ionization detector, GC — gas chromatography, IV1 — HPLC injection 
valve, IV2 — low-pressure injection valve, M — membrane, PC — personal computer, 
PL — propagating liquid, PP — peristaltic pump, PU — pervaporation unit, RC — reaction 
chamber, S — sample, UP — ultrasonic probe, W — waste and WB — water bath. 
(Reproduced with permission of Springer-Verlag, Ref. [31].) 


important factor, followed by the pulse duration and radiation amplitude. The reaction time 
was more than halved relative to the absence of US irradiation and to the use of 
microwaves under optimal conditions. 


7.2.5. Addition reactions 

Although the earliest examples of the use of US as a substitute for phase transfer cata¬ 
lysts in organic addition reactions were reported more than two decades ago and a number 
of such reactions have since been improved as a result [1-7], the sole analytical applica¬ 
tion exploiting this potential is a method for the determination of paracetamol where the 
drug is derivatized by hydrolysis to p-aminophenol, which reacts with o-cresol in an alka¬ 
line medium to form the Indophenol Blue dye, according to the following reaction: 


OH 



Paracetamol p-Aminophenol Indophenol Blue dye 


The method was developed for determining the analyte in suppositories, so extraction 
from a toluene solution to an aqueous phase was required prior to hydrolysis and the 
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addition reaction. All these steps were performed in the continuous manifold of Fig. 6.2. 
Figures 6.3 and 6.4 show the multi-peak recordings obtained by continuously monitoring 
the aqueous extractant phase during the liquid-liquid extraction (LLE) without phase sep¬ 
aration and comparison of the results in the presence and absence of US, respectively 
[32]; as can be seen, the use of US had an enormous influence on the overall process. 

Multivariate optimization of the variables influencing the method (namely, dynamic, 
chemical variables and US-related) revealed a negligible favourable effect of the US 
amplitude and pulse duration and an adverse effect of the distance of the probe to the 
reactor — the best results were obtained with the probe in contact with the reactor. A 
series of tests were conducted with a view to clarify the influence of US on each of the 
reactions taking place simultaneously with the extraction process; thus, 3-tube sets con¬ 
taining the following were prepared: (1) o-cresol in an alkaline medium; (2) paracetamol 
in toluene; and (3) previously formed Indophenol Blue dye. Because temperatures below 
25°C failed to improve the monitored instrumental signal, all triplicate tubes were subject 
to US at different temperatures (namely, 25, 35 and 55°C) in the water bath where the 
probe was dipped for 3 min. The spectra thus obtained were compared with those for 
non-irradiated, blank tubes. The results clearly showed that: 

(1) The o-cresol solutions were unstable (the solution was colourless after 24 h), but even 
more so in the presence of US. The effect is not perceptible during an experiment under 
the usual working conditions, but increases dramatically as the temperature is raised. 

(2) The yield of the derivatization reaction was higher when the hydrolysis step was 
assisted by US (the absorbance was five times higher than without US). 

(3) The end product was stable to US irradiation, and slightly decomposed below 55°C. 
These results explain why the amplitude and the pulse duration should be as high as 
possible but the temperature not higher than 55°C. 

One of the main advantages of the use of US for enhancing processes implemented 
in a continuous fashion over that of microwave energy is the small temperature rise 
involved in the former case, which avoids the presence of undesirable air bubbles in the 
dynamic system and hence of parasitic signals at the detector. 

7.2.6. Ethylation of organometallic compounds 

Ethylation by sodium tetraethyl borate has become an attractive choice for the speciation 
analysis of organometallic compounds [33,34]. With this reagent, ethylation takes place 
even in an aqueous phase, which makes it possible to simplify the pre-treatment process 
by combining derivatization and extraction in one step. This has been the case with the 
determination of methylmercury in biological materials by GC-MIP-AES or GC-ICP-MS. 
Following leaching in an automatic shaker for 5 min, addition of the reagent — an appro¬ 
priate volume of an immiscible phase, nonane — to the suspension and pH adjustment, 
the system was ultrasonicated in a bath for 40 min. Although the differential effects of US 
on the derivatization reaction and on LLE have not been experimentally established, its 
combined effect is clearly apparent from Fig. 6.1 [35]. 

7.2.7. Complex formation 

Although US seemingly facilitates complex formation reactions (e.g. in the method for the 
determination of Ni by the formation of the Ni-DMG complex, where US favours Ni(ll) 
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oxidation [14], or that for phosphate based on the formation of the heteropolyacid 
complex, where US accelerates the depolymerization [13]), the potential effect of US on 
this type of equilibrium has not yet been examined. The only reported example to the 
authors’ knowledge deals with the LLE of Fe(ll) from an aqueous sample to an 
o-phenanthroline-dichloromethane phase, which is not significantly improved by US 
assistance (see Fig. 6.4) [15]. 


7.3. ULTRASOUND-ASSISTED OXIDATION REACTIONS 

Oxidation reactions in analytical chemistry usually constitute a step preceding derivatization, 
if present, intended to make the analyte amenable to derivatization or, less frequently, 
direct detection. One can expect US to favour any oxidation reaction taking place in an 
aqueous medium through the well-known radical formation process. This assumption has 
been verified with a small, but representative, number of examples. In other cases, aque¬ 
ous solutions saturated with a solvent of higher vapour pressure than water have been 
found to favour oxidation reactions. 

Four major application fields of oxidation reactions widely used in analytical chemistry 
have exposed the gains in using US, which include increased efficiency and shortened 
times in reactions such as the oxidation of inorganic species in CCI 4 -saturated aqueous 
media, the degradation of organometallic compounds prior to the determination of the 
target metal, oxidation of organic matter for the determination of the chemical oxygen 
demand (COD), and the fast oxidation of oils for correlating the time required with long¬ 
time oxidative stability. As shown below, processing times were dramatically shortened by 
US assistance in all instances. 


7.3.1. Oxidation of inorganic species 

Inorganic compounds can be oxidized in an easy, fast, controlled way under the influence 
of US. This analytical use of US, only examined by Korn et al. [36-39] so far, constitutes 
an underexplored field which can provide analytical chemists with great benefits. Their 
work has focused on the generation of species by exploiting the oxidative effect of chlo¬ 
rine radicals formed by the sonolysis of CCI 4 in aqueous solutions. The principle behind 
this use is that when water is sonicated in the presence of a solvent with a higher vapour 
pressure, preferential sonolysis of the molecules of the latter occurs. Thus, when water 
saturated with CCI 4 is subject to US, CCI 4 can migrate to the bubbles formed by cavita¬ 
tion and C-CI bonds be broken by the energy generated in the collapse phenomenon to 
give CCI 3 and Cl*. This hypothesis is supported by the proven fact that an aqueous solu¬ 
tion saturated with CCI 4 that was irradiated with a US device of 40 kHz and 200 W for 
4 min exhibited a pH decrease from 4.6 to 2.6 (Fig. 7.4). This can be ascribed to the pro¬ 
duction of HCI and, possibly, also HCIO, as a result of the interaction between chlorine 
radicals and water according to the following reactions: 


CCI 4 Cl* + CCI 3 

(7.2) 

ci- + h 2 o->hci + oh- 

(7.3) 

2CF + H 2 0 -> HCI + HCIO 

(7.4) 
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Figure 7.4. Variation of the pH of a CCI 4 -saturated water solution with the sonication 
time. (Reproduced with permission of the Brazilian Society of Chemistry Ref. [38].) 


The amount of chloride ions produced after 3 min of sonication was 12.19 pmol. 

Another hypothesis for the generation of chlorine acids is related with the interaction 
of dissolved oxygen with water and CCI 3 to produce phosgenium, which would then 
decompose to C0 2 and Cl 2 at temperatures above 100 °C [40]. 

Reactions involving OH* and H* produced by water sonolysis may also yield chlorine 
acids from dissolved CCI 4 . However, this mechanism is less likely for the following rea¬ 
sons: (1) the increased vapour pressure of CCI 4 favours diffusion of these molecules into 
bubble cavities, (2) the energy needed to break a C-CI bond (73 kcal/mol) is lower than 
that for an O-H bond in water (119 kcal/mol). Thus, aqueous solutions saturated with CCI 4 
that are sonicated for tens of seconds contain oxidant species such as those from reac¬ 
tions 7.2-7.4, or even Cl 2 formed as follows: 

2CI -> Cl 2 (7.5) 


Ultrasound-assisted generation of iodine and other 
oxidized-iodine species from iodide 

Oxidation of iodide to iodine (E 0 = -0.615 V) promoted by sonication was one of the ear¬ 
liest tests demonstrating the sonochemical effects on solutions. The following effects 
were detected in water-sonicated systems with and without CCI 4 and (or) iodide: 

(1) In an aqueous solution containing only iodide ions, oxidation resulted from the action 
of the hydroxyl radicals produced by water sonolysis, albeit with a poor yield. 

(2) In a water-CCI 4 two-phase system under sonication, turbidity appeared through both 
emulsification and Cl 2 formation. 

(3) In the presence of Kl, a pink colour appeared due to the oxidation of iodide to iodine 
and extraction of l 2 into the organic phase. 
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(4) No pink colour or turbidity was observed in a water solution of Kl saturated with CCI 4 
under sonication, but subsequent addition of CCI 4 to extract the l 2 formed provided a 
pink organic phase, the absorbance of which at 520 nm varies with the sonication 
time as shown in Fig. 7.5A. Under these conditions, enough radicals were formed 
during 2-min sonication to ensure complete oxidation of a 0.476 M iodide solution. 

(5) Iodide oxidation can also be monitored at 352 nm through the formation of the 
I 3 complex (Fig. 7.5B), which completes within 2 min under sonication. 

( 6 ) Formation of HIO, which justifies the decrease in the absorbance with time in 
Fig. 7.5A, occurs, as shown in Fig. 7.5C, by selective oxidation of leuco Violet Crystal 
by HIO, with maximum absorption at 592 nm [38,41]. 


Ultrasound-assisted oxidation of Fe(ll) 

Exposing an aqueous solution of Fe(ll) to ultrasonication results in its oxidation (E 0 for the 
Fe(ll)/Fe(lll) couple is -0.771 V). Under these conditions, Fe(ll) interacts with the OH 
radicals generated by water sonolysis to form Fe(lll) and OH - , according to: 


Fe 2+ + OH* —> Fe 3+ + OH - (7.6) 

Prior sonication of pure water and subsequent mixing with a Fe(ll) solution does not 
ensure significant oxidation of ferrous ions. On the other hand, sonication of a CCI 4 - 
saturated aqueous solution prior to mixing with a Fe(ll) solution provides quantitative 
oxidation of Fe(ll). The amount of Fe(lll) produced by mixing variable concentrations of 
Fe(ll) with aqueous solutions saturated with CCI 4 and sonicating for 1 min was determined 
by absorption monitoring of the complex formed with 5-sulphosalycilic acid. The results 
are shown in Table 7.1 together with those provided by solutions of Fe(lll) of identical 
concentration. Total oxidation of Fe(ll) to Fe(lll) was thus demonstrated. 

Figure 7.6 illustrates the effect of US on the oxidation of Fe(ll) under different working 
conditions. As can be seen, prior sonication of pure water results in no significant oxida¬ 
tion (<1.3%). When ferrous ion is present during sonication, oxidation is slightly more 
marked, which confirms that hydroxyl radicals resulting from water sonolysis take part in 
the oxidation of Fe(ll). The addition of Fe(ll) to a sonicated CCI 4 -saturated water solution 
increases the amount of Fe(lll) formed and produces complete oxidation after 40 s of 
sonication. Oxidation is faster with direct sonication of a CCI 4 -saturated aqueous solution 
containing Fe(ll), possibly because the ferrous ion interacts directly with the chlorine 
radicals formed. 


Ultrasound-assisted oxidation of Cr(lll) 

The photometric determination of chromium by reaction with 1,5-diphenylcarbazide is 
selective for Cr(VI) [42]. Chromium(lll) can also be determined in this way following quan¬ 
titative oxidation to Cr(VI) by sonication in a carbonated aqueous solution saturated with 
CCI 4 . Under the optimal working conditions, 1 jig of Cr(lll) takes less than 60 s to be oxi¬ 
dized [37]. The environmental and health hazards associated with the use of CCI 4 are 
minimal due to the small amount used. Thus, 2000 I of CCI 4 -saturated aqueous solution 
is prepared from 1 I of CCI 4 . This solution volume affords more than 50000 determina¬ 
tions of Cr(lll) in water [37]. 
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Figure 7.5. Oxidizing effect of a CCI 4 -saturated water solution on iodide as determined 
by monitoring: (A) the l 2 formed and extracted by CCI 4 , at 520 nm; (B) the formation 
of 1 3 at 352 nm; (C) the selective oxidation of the leuco form of Violet Crystal by the HIO 
formed under US, at 592 nm. (Reproduced with permission of the Brazilian Society 
of Chemistry Ref [38].) 
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Table 7.1. Absorbance at 490 nm of aqueous solutions of Fe 3+ and Fe 2+ after 
derivatization with 5-sulphosalicylic acid. 


Absorbance 

Amount of Fe (jig) 

Fe 3+ 

Fe 2+ /US* 

0 

0.003 

0.003 

2.5 

0.021 

0.021 

5.0 

0.040 

0.038 

7.5 

0.054 

0.056 

10.0 

0.071 

0.071 

12.5 

0.085 

0.086 


*The Fe 2+ solution was previously mixed with a CCI 4 -saturated aqueous solution sonicated for 
2 min. (Reproduced with permission of the Brazilian Society of Chemistry, Ref. [38].) 


Ultrasound-assisted reagent generation 

Another use of the oxidative effect of CCI 4 -saturated water solutions is the generation of 
the strong reductants required to obtain arsine from As(lll). A factorial design was used to 
optimize the overall process for the determination of this toxic element in urine. The 
sample was acidified with 1 x 10 -4 —1 x 10 _1 M HCI, placed in a reactor vessel containing 
0.1-1 g of Zn and sonicated for 1-10 min while air was circulated through the solution to 
remove the volatile hydride for transfer to the detector [38]. 



Figure 7.6. Residual amounts of Fe(ll) at different ultrasonication times under variable 
conditions, (v) Water sonication before mixing with the Fe(ll) solution; (o) direct sonica- 
tion of an aqueous solution of Fe(ll); (u) prior sonication of a CCI 4 -saturated water 
solution followed by mixing with the Fe(ll) solution; and (•) direct sonication of a 
CCI 4 -saturated water solution containing Fe(ll). (Reproduced with permission of the 
Brazilian Society of Chemistry Ref. [38].) 
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Analyte oxidation and reagent generation in flow systems using tubular ultrasonic 
reactors have so far been unsuccessful [39]. This is another under-explored area for 
analytical chemists. 


7.3.2. Degradation of organometallic compounds 
prior to metal determination 

Research in this field, conducted by Capelo et al., has focused on organomercurials in 
water and urine, and involved US probes and batch approaches in all instances [43^46]. 
Because these compounds are usually accompanied by inorganic mercury in natural 
samples, organic and inorganic mercury in water are determined separately. The process 
is more complex for urine as the presence of other organic matter entails isolating the 
target analytes after oxidation to ensure proper derivatization and detection. 

Organomercurials (viz. methylmercury and phenylmercury) in water can be readily 
oxidized within 3 min by a 100-W power probe of 20 kHz frequency at 40% amplitude in 
a 1 M HCI medium. As can be seen in Fig. 7.7, the influence of both sonication time and 
amplitude on the oxidation of both compounds is very similar. Complete oxidation of the 
target analytes requires the presence of HCI in the medium. Also, replacing US with an 
oxidant such as H 2 0 2 or HN0 3 precludes reaching 100% efficiency [47]. The principal 
advantage of US assistance to this process is the need for no chemical oxidants, high 
temperatures or pressures, which avoids the generation of hazardous waste and 
decrease the risk of Hg loss by volatilization. Oxidation is more efficient — the yield is up 
to 15% higher — at low temperatures (viz. with the sonication cell immersed in an ice bath) 
than at uncontrolled temperatures. An additional advantage is the tolerance of concentra¬ 
tion up to 1000 mg/I of OH radical scavengers, which facilitates application to wastewater 
with a COD of up to 1000 mg/I without diminishing the oxidation efficiency [43]. 

Oxidizing the organic matter of organomercurials in urine requires the use of a chem¬ 
ical oxidant in addition to US. Depending on the nature of the auxiliary oxidant, speciation 
analysis of organic and inorganic mercury may be possible. Thus, the use of ozone in 
addition to US (viz. “sonozone” [43]) ensures oxidation of the organic matter and the 
target inorganic analyte to its higher oxidation state (Hg(ll), the appropriate form for sub¬ 
sequent reduction to the elemental mercury required for atomic detection) without alter¬ 
ing organic mercury. Three 10-min steps (namely, (1) sonication, (2) ozonization and 
(3) ozonization + sonication) produce a treated urine sample ready for derivatization 
and detection. 

The determination of total mercury, and that of the organic forms as the difference 
between total and inorganic mercury, requires the use of a strong oxidant such as KMn0 4 . 
The main shortcoming of this reagent is that it forms Mn0 2 instead of Mn(ll); the Mn0 2 
forms a film on the walls of vessels or tubing in batch or continuous approaches, respec¬ 
tively, in which mercury is adsorbed [44]. The use of US here avoids precipitation of man¬ 
ganese dioxide due to the low concentration of KMn0 4 required (0.01%) and oxidation is 
completed between 30 s and 8 min, depending on the complexity of the urine sample; this 
is much shorter than the 30 min required in unsonicated media. The time for US-assisted 
urine oxidation is a function of that needed to fulfil the recommendations for efficient 
development, viz. the absence of, (1) a precipitate (Mn0 2 ), (2) colour from permanganate 
and (3) yellow colour from urine. The step sequence to be followed is depicted in Fig. 7.8. 
The solution is thus made ready for direct derivatization (by reduction with an appropriate 
reagent such as SnCI 2 or NaBH 4 prior to atomic detection) or for LLE by complex forma¬ 
tion with dithizone and subsequent destruction of the complex after back-extraction into 
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Figure 7.7. Influence of the sonication amplitude (A) and sonication time (B) on the yield 
of Hg from MeHg* (m) and PhHg* (•). Oxidation conditions: 1 mol/I HCI, 5 ml sample 
and NaBH 4 as the reducing agent, 3-min sonication time in (A) and 60% amplitude in 
(B). (Reproduced with permission of the American Chemical Society, Ref. [43].) 


an aqueous phase. The increased complexity introduced by this step is offset by the abil¬ 
ity to preconcentrate the target analytes, if required, and the avoidance of problems aris¬ 
ing from the introduction of organic solvents into a graphite furnace. Back-extraction and 
destruction of the complex can also be assisted by 15-s US irradiation [45]; this has pro¬ 
vided recoveries between 86 and 98% of phenylmercury and ethylmercury compounds in 
spiked urine. The influence of interrelated variables was recently examined using full 
factor designs [46]. 

The improved oxidation of organomercurials under cold-controlled temperature condi¬ 
tions (usually in ice baths) has been ascribed to decreased cavitation and an increased 
risk of volatilization of Hg at increased temperature. 
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Figure 7.8. Step sequence for the determination of total and organic mercury in urine. 
(Reproduced with permission of the Royal Society of Chemistry Ref. [44].) 

Using the word “focused” to designate the action of US on the oxidation of organomer- 
curials with a sonotrode dipped in the transmitting liquid can be misleading as nothing is 
used to “orientate” US in a given direction. 


7.3.3. Oxidation of organic matter for chemical 
oxygen demand determination 

Since degradation of organic matter requires the presence of oxygen, the content of 
organic matter in a given aqueous system can be estimated from the amount of oxygen 






























Ultrasound-Assisted Analytical Chemical Reactions 


241 


needed to oxidize the organic matter it contains. When the oxidation is chemical in nature, 
the result is named “COD”. Usually, COD ranges from 20 to 50 mg/I in slightly contami¬ 
nated water (e.g. surface water, domestic sewage) to over 100 000 mg/I in an extremely 
contaminated industrial wastewater. A fast, precise and accurate method for determining 
COD is therefore essential for environmental analyses. The reference semi-micro method 
for COD determination involves the oxidation of organic matter of the sample by — 
usually — adding a known amount of oxidant (dichromate in sulphuric acid), refluxing at 
a high temperature in an open container and titrating excess oxidant with ferrous ammo¬ 
nium sulphate [47]. This method is subject to some serious drawbacks, namely: (1) it is 
time consuming (digestion and titration take 2 h); (2) it requires skilled operators as the 
likelihood of error is high; (3) it uses large amounts of expensive, toxic chemicals; (4) the 
selectivity is diminished by the presence of inorganic interferents such as Cl - , NO 2 or Fe 3+ . 
Several modifications have been developed towards circumventing these shortcomings, 
those based on flow injection and segmented flow systems being the ones most markedly 
reducing the digestion time (from 2 h to few minutes) [48-52]. 

The digestion of organic matter for COD determination can be assisted by US, which 
shortens the time required to 3 min [53,54]. A conventional US bath cannot provide the 
amount of energy needed, as does a probe dipped in a transmitting liquid; so direct inser¬ 
tion of the probe into the sample is mandatory for proper development of the oxidation. 
Also, the presence of an oxidant in a very acid medium severely shortens the lifetime of 
alloy-based probes, so glass probes should be used in their place [55]. Using a plastic or 
polyethylene round-bottomed test tube to accommodate an alloy probe (see Fig. 7.9) 
can also be more efficient than using a conventional transmitting bath [56]. Figure 7.10 
illustrates the influence of two typical US variables (pulse duration and sonication time) 
on a model organic matter (viz. potassium hydrogen phthalate (KHP)) as determined 
using one such probe. As can be seen, pulses of 0.9 s applied over 1-s periods ensure 
total oxidation of KHP within 2 min. 


generator 



Figure 7.9. Experimental set-up for the US-assisted determination of COD. (Reproduced 
with permission of Elsevier, Ref [56].) 
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Time of pulses (fraction of second) 



Figure 7.10. Effect of pulse length (A) and sonication time (B) on the US-assisted 
determination of COD. Amplitude 55%, tip depth 0.7 cm from the liquid surface, (H 2 S0 4 ) 
56% (v/v), theoretical oxygen demand 100 mg/ml, temperature 27 ±2° C, sonication time 
in (A) 2 min, pulse length in (B) 0.9 s/s. (Reproduced with permission of Springer-Verlag, 
Ref. [55].) 


As in other oxidation processes, increased temperatures have an adverse effect which 
also ascribed to the resulting increased vapour pressure leading to easier cavitation, but 
less violent collapse, as a consequence of the decreased viscosity and surface tension. 
As the temperature approaches the solvent boiling point, a large number of cavitation 
bubbles are formed concurrently that act as a barrier to sound transmission and dampen 
the effective US energy from the source to enter the liquid medium. A temperature close 
to room level is easy to maintain and ensures proper development of the process. 

Bubbling a gas through an oxidizing medium subjected to US had a favourable effect 
on the process; no differences, however, were observed in the use of monoatomic (e.g. 
Kr, Ar, He) or diatomic gases (e.g. N 2 , 0 2 , air), or in the manner the gas was bubbled 
(before or during sonication). 

Concerning interferences with the oxidation of organic matter in water, US-assisted 
oxidation tolerates the presence of chloride ions up to 7000 mg/I for 100 mg/I COD as 
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KHR which is lower than the levels allowed by FI- [51] and Ce(IV)-based methods [57] 
(viz. 30 000 and 10 000, respectively). 

Unfortunately, as with the conventional method, the ratios of measured and theoretical 
COD values depend on the particular target compounds. The applicability of US in this 
context was assessed by using six organic compounds of known theoretical oxygen 
demand (ThOD). As can be seen in Table 7.2, the ratios of measured to theoretical 
COD ranged from 0.22 for pyridine to 1.01 for dextrose. These results warrant the follow¬ 
ing conclusions: 

(1) Readily oxidized compounds such as dextrose are completely oxidized by US under 
the working conditions used. 

(2) Volatile compounds such as ethanol or 1-butanol provide experimental COD values 
from 52 to 62% of the theoretical values, which may be a result of the heat produced 
by both the addition of sulphuric acid to the sample in the open container and the 
high-temperature microzones created by cavitation, which will promote the loss of 
these compounds before they are oxidized by dichromate. 

(3) Aromatic derivatives such as phenols are completely oxidized under the experimental 
conditions, as are straight-chain carboxylic acids such as acetic acid, which are nor¬ 
mally not oxidized in the absence of a catalyst and might not be completely oxidized 
even in the presence of one [58,59]. 

(4) Pyridine and compounds difficult to oxidize even with highly efficient methods [57,60] 
are poorly oxidized. The relative standard deviation of the method was below 20%, 
except for pyridine (24%), ethanol (22%) and 1-butanol (27%). 


7.3.4. Fast oxidation of oil for correlation with its oxidative stability 

Measuring the resistance to oxidation is one way of establishing oil quality inasmuch as 
this property determines storage and usage stability. The length of the stability period (viz. 
the interval between oil production and the oil becoming rancid) depends both on intrin¬ 
sic features (e.g. the contents in fatty acids and natural antioxidants such as tocopherols 
and biophenols) and environmental conditions (temperature, light, air exposure, type and 
material of the container, trace metal content) and the time the oil is exposed to them. 

Chemical and physical tests for oxidative stability are based on the determination 
of either precusor hydroperoxides or oxidation end-products [61-64], and on oxygen 


Table 7.2. Determination of COD for various organic compounds using the ultrasound- 
assisted method. 


Organic compound 

ThOD* (mg/I) 

COD (mg/I) 

RSD (%) 

Dextrose 

102 

103 

19 

Ethanol 

158 

98 

22 

1-Butanol 

119 

62 

27 

Phenol 

114 

114 

15 

Acetic acid 

107 

101 

17 

Pyridine 

133 

29 

24 


*ThOD: theoretical oxygen demand. (Reproduced with permission of Springer Verlag, Ref. [55].) 
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absorption and gravimetric monitoring of the losses of volatile products [65,66]. Some 
methods based on the peroxide value [67,68] or biophenol concentration [69] have been 
automated. 

The stability of edible oils varies widely depending on seed type, one of the most 
stable being virgin olive oil. Stability also varies widely depending on both the olive 
variety (e.g. picual, manzanilla, arbequina, hojiblanca) and the production process. 
Because extra virgin olive oil is stable for several months under optimal storage 
conditions, its stability is traditionally determined in the laboratory using an accelerated 
oxidation test involving raising the temperature and exposing the oil to oxygen or air 
bubbled through it. 

Most common choices for assessing the oxidative stability of oils are the active oxygen 
method (AOM) [70] and the Rancimat method [71]. Commercial automated equipment for 
implementation of the latter — which essentially involves bubbling air through the sample 
under heating, collecting the volatile compounds formed into an appropriate solution and 
monitoring its changes in conductivity — affords continuous monitoring, but has two main 
shortcomings, namely: (1) it requires a long time to establish the target oxidative stability, 
especially in virgin olive oils; and (2) only up to eight samples can be treated simultane¬ 
ously in each batch. Large number of samples can be simultaneously treated by using 
a robotic method based on oxygen absorption and gravimetric monitoring of the volatile 
losses [66]. Up to 150 samples can be included in each batch. The equipment needed, 
however, is very expensive. The use of microwaves to accelerate oxidation reduces by 
60-68% the time required by the Rancimat method [72] (from 19, 30 and 129 h to 7, 
12 and 43 h, respectively, for different olive oils); however, because the microwave-based 
method is not automated, monitoring for 7, 12 or 43 h is impracticable. 

Ultrasound irradiation of an edible oil (particularly direct irradiation of the sample) 
causes fast oxidation of biophenols present and produces a rancid smell as a result, mainly 
with easily oxidized oils such as those from sunflower [73]. Ultrasound energy 
allows Rancimat times from 129 h to be reduced to 50 min; therefore, the overall time 
required for the determination of oil stability, even for highly stable virgin olive oils, is less 
than 1 h. 

The oxidation process is usually monitored photometrically and expressed using 
parameters K 232 and (or) K 270 (viz. absorbance at 232 and (or) 270 nm/olive oil 
concentration — g per 100 ml), according to the CE Norm L24813-1991. The oxidative 
stability is related to the induction period, which is the time within which the absorbance 
does not change significantly. Subsequently, marked increase in absorbance is observed 
as the oxidation products formed absorb strongly in the UV region, with maxima at 232 
and 270 nm. 

The influence of US variables on the oxidation of oils from various types of seed or 
fruit has been determined by using a multivariate method, as the variables are interre¬ 
lated. With virgin olive oil, the use of a probe dipped in a transmitting liquid did not cause 
any significant oxidation of the samples, so direct insertion of the probe into the oil (1 cm 
beneath the surface) was the preferred choice. Figure 7.11 shows the influence of radia¬ 
tion amplitude for a total irradiation time of 5 min distributed in cycles of 30 s with a 1-min 
interval between cycles, a 3-mm diameter tip and 3 g of sample per assay. As can be 
seen, the influence of radiation amplitude on K 232 conformed to no clear-cut pattern. On 
the other hand, K 270 drastically increased above an amplitude of 40%. Figure 7.12 shows 
the variation of K 270 with time at a variable radiation amplitude; also, it illustrates the effect 
of bubbling air during the oxidation process. 

The strong influence of temperature on US-assisted oxidation reactions entails plac¬ 
ing the sample containers in a thermostated bath in order to ensure reproducible results. 




Figure 7.11. Influence of radiation amplitude on the oxidation of olive oil as determined 
by monitoring the absorbance at 232 nm (A) and 270 nm (B), and plotting the US 
variable against K. (Reproduced by permission of Elsevier, Ref. [74].) 



Figure 7.12. Plot of parameter K 270 as a function of time at a variable US radiation 
amplitude. 3% ( 4 ), 40% (•) and 50% (m). The effect of bubbling air during the oxidation 
process was studied at a radiation amplitude of 30% (x). (Reproduced with permission 
of Elsevier, Ref. [74].) 
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Figure 7.13 shows the oxidative stability of virgin olive oils from diverse olive varieties. 
Figure 7.14 exposes the excellent correlation of the US method with the conventional 
Rancimat method, and the drastic reduction in operating time (from, for example, 129 h to 
50 min [74]). 

This research has opened up new avenues in food analysis for accelerating the oxida¬ 
tion step in existing methods for the determination of the oxidative stability of edible fats. 


7.4. ULTRASOUND-ASSISTED HYDROLYSIS REACTIONS 

Hydrolysis reactions in analytical chemistry are mainly used to convert the target analytes 
into easily derivatized and detected forms. Whereas the accelerating effect of US on 
these reactions has been widely proven and thoroughly studied in organic chemistry 
under different chemical (pH, aqueous-organic media) and US conditions [75-77], few 
analytical studies on them have been reported. By contrast, US-assisted enzymatic 
hydrolysis reactions have received considerable attention from analytical and bioanalytical 
chemists; such reactions, however, are discussed in Chapter 3 as the processes are 
better known as enzymatic digestions. 


7.4.1. Hydrolysis of phenol compounds 

One of the few recent examples of this reaction is the hydrolysis of paracetamol simulta¬ 
neously with its LLE into an alkaline medium from suppositories [32]. Separate develop¬ 
ment of each step showed the yield of the derivatizing reaction to be higher when the 
hydrolysis step is assisted by US (absorbances were five times higher than with non- 
sonicated hydrolysis). 



Figure 7.13. Study of the stability of four virgin olive oils from different olive seed 
varieties obtained in the first extraction and from repaso oil (second extraction) using 
the US-assisted method. Olive variety: arbequina (+), hojiblanca (o), manzanilla (a), 
picual (u) and repaso (x). (Reproduced with permission of Elsevier, Ref [74].) 
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Figure 7.14. Comparison of the results of the US-assisted and conventional Rancimat 
methods (Reproduced with permission of Elsevier, Ref. [74].) 


The US-assisted leaching of phenol compounds from strawberries with an acetone 
solution containing 0.2 M HCI and 2 g/l ter-butyl-hydroquinone facilitates the hydrolysis of 
the target phenols and their dissolution in the leachant, thus accelerating their removal 
from the matrix. A titanium alloy probe (2.54 mm in diameter) was used to develop three 
30-s cycles; the operating conditions included 50% US amplitude and 0.8-s pulses over 
1 s for an overall time of 30 s. The resulting yields were similar to those obtained by 
maceration at 85-90°C for 20 h, with no appreciable degradation [78] — which is one of 
the major shortcomings of long leaching times [79]. 


7.4.2. Hydrolysis of carbohydrates 

One of the most common hydrolysis reactions is that required to convert 
polysaccharides into monosaccharides prior to the determination of total carbohydrates 
in food and environmental samples. The use of highly acid media (e.g. 12 M sulphuric 
acid) and elevated temperatures (=100°C) for 20 min produced partial oxidation of 
carbohydrates [80]. Using room temperature to avoid oxidation resulted in incomplete 
hydrolysis [81], and so did lowering the concentration of sulphuric acid to 0.5 M while 
keeping the temperature at 100°C for 8 h [82-84]. One of the most accurate ways of 
determining total carbohydrates is by using 1 M HCI at 100°C for 20 h [85,86]. 

Existing studies on the US-assisted hydrolysis of carbohydrates have failed to clarify 
the behaviour of chemical systems upon US irradiation [87]. Thus, Dubois et al. used a 
US bath at a frequency of 35 kHz — further details were not reported — as, in their opin¬ 
ion, a probe increases the temperature of the irradiated system significantly. They found 
very acid conditions (12 M sulphuric acid) to cause total degradation of carbohydrates — 
the sonicated solution did not exhibit any absorption at 485 nm after the addition of phenol 
for the development of the Dubois method [88]. They concluded that promoting hydrolysis 
in an acid medium — it is unclear whether they assayed different acid concentrations — is 
not feasible and performed the ultrasonicated hydrolysis step in pure water for 3 h, after 
which they added the acid to develop the derivatizing reaction. Further research on this 
topic is clearly required in order to clarify such an uncommon behaviour. 
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The above examples clearly show that the experience on hydrolysis largely acquired 
in dealing with organic compounds for non-analytical purposes [1-7] has been under¬ 
exploited in the analytical field. 


7.5. EXPERIENCE IN SONOCHEMISTRY TO BE EXPLOITED 
IN ANALYTICAL CHEMISTRY 

The long time during which research in sonochemistry has been conducted and the fact 
that no special equipment requirements are involved in using ultrasonic energy — other, 
by contrast, “older” technologies such as electrochemistry require a conducting medium, 
photochemistry the presence of a chromophore and microwaves of dipolar species — 
have promoted the development of a large number and variety of applications which 
analytical chemists could exploit. Most such applications have been developed by using 
US devices present in most analytical laboratories (e.g. power ultrasonic devices with 
frequencies in the range 20-100 kHz); others, however, use unusual frequencies. 


7.5.1. Ultrasound-related variables and their effects on chemical reactions 

As shown in the previous sections, most analytical applications of US-assisted reactions 
have been developed without optimizing US variables; such a simple sentence as “ultra¬ 
sound is applied for x min” has been the only detail given in most cases. Past experience 
with US-assisted reactions makes it advisable to consider the following variables in 
developing new analytical applications. 


Ultrasound frequency 

It has been widely demonstrated that low frequencies, close to 20 kHz, enhance cavita¬ 
tion, which is the source of the dramatic effect of ultrasonic power on chemical reactivity. 
However, higher frequencies are advantageous when radical formation is the key to 
facilitating, accelerating or making possible a given reaction. 


Ultrasound power and intensity 

The first requirement for attaining the level of US required to cause chemical effects on a 
reaction is that sufficient acoustic energy be supplied in order to overcome the cavitation 
threshold of the medium. Once the threshold has been exceeded, the region of cavitation 
around the radiating source, the “cavitational zone”, will increase with increasing intensity; 
also one might expect the sonochemical rate to increase in parallel. In fact, the observed 
increase in the rate of hydrolysis of methyl ethanoate in the presence of US was found 
to be directly proportional to intensity. A limiting value was reached, however, beyond 
which the sonochemical rate decreased with increasing power [89,90]. A further example 
is provided by the effect of power on the release of iodine by sonolysis of aqueous Kl [91], 
where the initial response of iodine appears to be proportional to power, but the effect 
decreases beyond 40 W and drops dramatically above 100 W. The explanation for these 
effects of US power lies in the production of a large number of cavitation bubbles on 
and near the acoustic source that act as a “cushion” to dampen the efficiency of energy 
transmission into the medium. 
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Solvent, temperature and pressure 

The choice of solvent and the bulk working temperature are two significantly important, often 
interrelated variables. An increased solvent vapour pressure decreases the maximum bubble 
collapse temperature and pressure. Hence, for a reaction where cavitational collapse is 
the primary source of sonochemical activation, a low bulk temperature is to be preferred — 
particularly if a low-boiling solvent is used. Conversely, fora reaction requiring elevated tem¬ 
peratures, a high-boiling solvent will be more appropriate. For heterogeneous reactions 
where the effect of sonication is exerted on the surface of either a catalyst or an inorganic 
solid reagent, a balance must be struck to ensure enough cavitation to activate the reagent 
without overly disturbing the thermodynamics of the reaction. 

Application of an external pressure to a reaction system, which increases the hydrostatic 
pressure of the liquid, increases the energy required to initiate cavitation. In practical terms, 
if such a threshold energy can be exceeded with the available irradiation source, then rais¬ 
ing the hydrostatic pressure will increase the sonochemical effect as the maximum temper¬ 
atures and pressures experienced during bubble collapse will be higher under these 
conditions. 


7.5.2. Homogeneous and heterogeneous reactions 

The disparate US requirements of homogeneous and heterogeneous reactions have also 
been rarely considered by analytical chemists conducting research in this field. 


Homogeneous reactions 

In homogeneous liquid systems, sonochemical effects generally occur either inside the col¬ 
lapsing bubble, — where extreme conditions are produced — at the interface between the 
cavity and the bulk liquid — where the conditions are far less extreme — or in the bulk liquid 
immediately surrounding the bubble — where mechanical effects prevail. The inverse rela¬ 
tionship proven between ultrasonically induced acceleration rate and the temperature in 
hydrolysis reactions under specific conditions has been ascribed to an increase in frequency 
of collisions between molecules caused by the rise in cavitation pressure gradient and 
temperature [92-94], and to a decrease in solvent vapour pressure with a fall in tempera¬ 
ture in the system. This relationship entails a multivariate optimization of the target system, 
with special emphasis on the solvent when a mixed one is used [95-97]. Such a common¬ 
place hydrolysis reaction as that of polysaccharides for the subsequent determination of their 
sugar composition, whether both catalysed or uncatalysed, has never been implemented 
under US assistance despite its wide industrial use [98]. 

Homogeneous non-aqueous sonochemistry is another unexplored area for analytical 
chemists that might provide very interesting results [99]. 


Heterogeneous reactions 

This type of US-assisted reaction, which is very common in organic chemistry (particularly 
organometallic chemistry), has not yet been used as such in the analytical field, where 
US could be applied to common organic reactions preceding GC separation that could be 
implemented in a continuous manner by placing the solid catalyst in a minicolumn subjected 
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to US at appropriate times. Also, these reactions can be used to amplify the favourable 
effect of US on leaching processes, which would act on both the reaction and leaching. 

The effects of US on these reactions are the results of: (1) transient bubble collapse on 
or near the solid surface causing a jet of liquid to impinge on it; and (2) acoustic streaming, 
by which US waves cause the liquid to move and aid mass transfer. The variables boosting 
these actions must be optimized on a case-by-case basis. 

The Barbier [100,101], Bouveault [102] and Reformatsky reactions [103], to name a few 
of the many that can be accelerated by US, have not yet been addressed in analytical sono- 
chemistry. Models of controlled and calculable time averaged rate of mass transfer to and 
from the interface [104] can be highly useful in this context. 


Ultrasound-assisted degradation 

Destruction of undesirable pollutants is a common practice in the environmental field that 
has taken wide use of US for accelerating degradation processes. Thus, the mechanisms 
of US action on cellular material have been clarified [105] and the effect on its destruc¬ 
tion demonstrated as efficient. Unfortunately, the need for high US intensities makes the 
technique expensive to use for general microbiological decontamination. However, this 
degradation method can be analytically useful with a view to identify and (or) determine 
key components after fast sample preparation. 

Recent reports on research in this field — concerned with dye [106-111], phenolic con¬ 
taminants [112-115], fluoro or sulphonate compounds [116] and volatile species degradation 
[117,118] — testify to the interest raised in this area from which analytical chemists can obtain 
interesting analytical information. 

The combined use of US of highly different frequencies and inorganic catalysts 
[119-122], ultraviolet light [123], photocatalysts [124] and biocatalysts [125], and that of 
US and electrochemistry [126,127], has also been widely exploited, but not for analytical 
purposes [128]. 

The use of US to reduce the antioxidant activity of olive mill wastewater can be of inter¬ 
est to analytical chemists with a view to characterize the degradation products [129]. 

Ultrasound-assisted anaerobic digestion, which yields characteristic products that are 
easier to identify and quantify than those from aerobic digestion, is another unexplored 
area for analytical chemists. 

Ultrasound-assisted degradation reactions are not exclusive of the environmental field; 
in fact they have also been used in polymer studies. There is no universal consensus 
regarding the influence of US frequency on this process. Thus, Schmid’s hypothesis that 
degradation is the result of solvent movement past the macromolecule, so, a decreased 
frequency should allow a rigid macromolecular structure more time to accommodate the 
impact of the solvent (/.e. degradation ought to decrease with decreasing frequency [130]) 
contradicted by the fact that degradation increases with decreasing frequency or is unaf¬ 
fected by this variable [131,132]. There is also some debate over the effect of external 
pressure; whereas an increased solvent vapour pressure reduces depolymerization, and 
so does an increased temperature, the US intensity must be empirically optimized for 
each individual polymer-solvent system. 

A number of chemical analyses require prior depolymerization of the original sample 
(e.g. starch, lignin, chitosan, carbohydrates). This process is occasionally very slow and has 
scarcely been subjected to US, despite the proven accelerating effect of this form of energy 
on these polymers [133,134] and others such as polystyrene [135] and polyethylene oxide) 
[136], or even on pharmaceutical precursors [137]. 
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7.6. CONCLUSIONS 

Past success in the use of organic reactions (e.g. depolymerization [13], esterification 
[16,20], alkylation [31], addition [32], ethylation [35]) for analytical purposes should 
encourage analytical chemists to explore the benefits of sonochemistry. 

Also, analytical chemists could monitor such reactions to facilitate their optimization 
and subsequently implement them with available equipment [138]. This would provide an 
improved knowledge of the underlying mechanisms and facilitate the development of 
modern sample preparation techniques for clean-up and preconcentration [139]. 

Careful selection of the type and characteristics of the US device will always be 
required as it can be the key to successful development of US-assisted methods involv¬ 
ing organic reactions [140]. 
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CHAPTER 8 

Ultrasound Assistance for Improving Detection Techniques 


8.1. INTRODUCTION 

In Chapters 2-7, we have discussed the use of US to facilitate preliminary operations of 
the analytical process such as cleaning or degassing (Chapter 2); sample dissolution 
(Chapter 3); removal of target analytes from solids (Chapter 4); specific processes in 
heterogeneous solid- and gas-liquid (Chapter 5) or liquid-liquid systems (Chapter 6); or 
chemical reactions (Chapter 7), in increasing closeness to detection. 

This chapter deals with US assistance to operations that are even closer to 
the detection step such as nebulization or spray formation immediately before the 
insertion of sample into atomic or mass detectors, respectively; levitation to obtain a 
sample droplet (usually for in situ detection, with or without preconcentration or 
previous derivatization) and electroanalytical determinations (either to facilitate preparation 
of the electrode or influence the electroanalytical step itself). In nebulization and 
levitation, US competes — most often advantageously — with alternative choices 
having a similar effect; in electroanalytical methods, US has a characteristic effect. 
Both traditional and novel detection techniques can therefore benefit from US assis¬ 
tance in some way. 

The US frequencies used to assist the operations discussed in this chapter fall in the 
range of kilohertz to megahertz; however, the underlying phenomena for each application 
differ. Thus, the effects involved in US-assisted electroanalytical techniques and nebuliza¬ 
tion are related to cavitation (viz. acoustic streaming, microstreaming and microjetting). 
Acoustical levitation in turn is based on the production of a standing wave between an 
ultrasonic radiator and a solid reflector. 

The ultrasonic devices used to assist levitation and nebulization are typically conven¬ 
tional US transducers. Their simple design and operation have facilitated the development 
of widely available commercial equipment. On the other hand, the absence of US-assisted 
commercial electroanalytical cells has promoted the construction of laboratory-made 
units that are usually furnished with commercial probes or, less frequently, baths. 


8.2. ULTRASOUND-ASSISTED NEBULIZATION 

Liquid nebulization as a means of obtaining aerosols is commonly used for activities such as 
drug administration, hair spraying or perfume application [1,2]. Direct nebulization of 
a liquid phase containing the target analytes has been widely used in analytical chemistry 
for sample insertion into some detection systems (particularly atomic spectrometers). 
The main purpose of analytical nebulizers is to insert the maximum possible amount of 
sample, and hence of analyte, in the form of aerosol consisting of very small droplets, 
into the detection system. 

Aerosol generation by nebulization requires the liquid bulk to be assisted with energy. 
The characteristics of the aerosol formed are greatly dependent on the amount of energy 
supplied and the efficiency with which it is transferred [3]; this allows nebulizers to be 
classified according to the type of energy they use into: 



256 


Ultrasound Assistance for Improving Detection Techniques 


(a) those assisted by the kinetic energy of a high-velocity gas stream (pneumatic nebu¬ 
lizers) or the liquid itself (hydraulic nebulizers); 

(b) those assisted by mechanical energy applied through a rotating (rotating nebulizers) 
or vibrating device (ultrasonic nebulizers) and; 

(c) those where the energy is generated by mutual repulsion of charges accumulated on 
the surface (electrostatic nebulizers). 

For many years pneumatic nebulizers of the V-groove, Meinhard and cross-flow type 
have been the most widely used sample insertion devices for aerosol generation. 
The interaction geometry between the gas and liquid sample streams allows pneumatic 
nebulizers to be classified into two major groups, namely: (a) pneumatic concentric 
nebulizers, which involve concentric interaction; and (b) cross-flow nebulizers, which 
involve perpendicular interaction between the liquid and gas streams. Pneumatic nebuliz¬ 
ers are well established and widely used on account of their simplicity, robustness, ease 
of use and low cost; however, they provide low transport efficiency and tend to be clogged 
by high salt-content solutions [4]. 

The search for more efficient systems for aerosol generation has led to an increasing use 
of thermal, hydraulic and ultrasonic nebulizers over the last two decades. The greatest dis¬ 
advantages of these high-efficiency nebulizers are their high cost and difficulty of use [5]. 
Ultrasound has been used to assist sample insertion into detection systems ever since the 
earliest ultrasonic nebulizers (USNs) were reported in the 1980s [6]. The energy required to 
obtain an aerosol with a narrow droplet size distribution is emitted by a vibrating transducer. 
Once formed, the aerosol is carried to the detector by the nebulizer gas stream [7]. 

The analytical performance of atomic detectors in terms of sensitivity, selectivity and 
resolution has been markedly improved by the use of USNs. However, the utility of these 
nebulization systems is not exclusive of atomic detectors as, in fact, USNs have been suc¬ 
cessfully implemented in electrospray formation devices, which are employed as inter¬ 
faces between separation techniques such as CE or HPLC and mass detection [8]. 


8.2.1. Use of ultrasonic nebulizers with atomic spectrometers 

As noted earlier, USNs have been employed for sample insertion into atomic spectrometers 
such as flame atomic absorption spectrometry (FAAS) [9,10], electrothermal atomic 
absorption spectrometry (ETAAS) [11], atomic fluorescence spectrometry (AFS) [12,13], 
inductively coupled plasma-atomic emission spectrometry (ICP-AES) [14,15], inductively 
coupled plasma-mass spectrometry (ICP-MS) [16,17] and microwave induced plasma- 
atomic emission spectrometry (MIP-AES) [18,19]. Most of the applications of ultrasonic 
nebulization (USNn) involve plasma-based detectors, the high sensitivity, selectivity, precision, 
resolution and throughput have fostered their implementation in routine laboratories 
despite their high cost [4]. 


Ultrasonic nebulization devices for atomic spectrometers 

Except for a few laboratory-made units and some devices marketed by other firms, 
most applications of ultrasonic nebulization (USNn) in atomic spectrometry have been 
developed with two commercial devices from CETAC Technologies (viz. the U-5000AT+ 
and U-6000AT+). It should be noted that these two commercial ultrasonic devices were 
originally designed for ICP instruments but have been used with other types of detectors [20]. 
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Figure 8.1. (A) CETAC ultrasonic nebulizers U-5000AT+ (1-15) and U-6000AT+ (1-19). 
1 — transducer, 2 — aerosol chamber stand, 3 — aerosol chamber, 4 — sample/rise 
adapter, 5 — U-tube, 6 — heat cords, 7 — glassware module, 8 — transducer radio 
frequency (RF) cable, 9 — sample inlet tubing, 10 — electronics module, 11 — auxiliary 
rinse port, 12 — operate switch, 13 — fast pump switch, 14 — heater controller 
(nebulizer), 15 — cooler controller (nebulizer), 16 — heater controller (desolvator), 17 — 
flow meter, 18 — flow control and 19 — membrane desolvator controller. (B) Detailed 
scheme of the U-6000AT+ glassware module. (Reproduced with permission of CETAC 
Technologies.) 


The U-5000AT+ model consists of two main modules, namely, glassware and electron¬ 
ics (a and b in Fig. 8.1 A). The glassware comprises a piezoelectric transducer operating 
at 1.4 MHz, an aerosol chamber, a temperature-controlled heated U-tube evaporator and 
a thermo-electric condenser. The piezoelectric transducer converts rf energy into ultrasonic 
oscillations and nebulizes the liquid sample to a fine, dense aerosol which is received by 
the aerosol chamber and mixed with argon gas before entering the U-tube for vaporization; 
once vaporized, it is passed through a thermoelectric condenser where the solvent is 
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removed by a drain pump. The remaining sample consists of a dry, analyte-enriched 
aerosol for insertion into the detector. However, additional devices may be required with 
plasma-based detectors when the solvent vapour, whether aqueous or organic, cannot be 
efficiently removed. In order to solve this problem, the U-6000AT+ includes a membrane 
desolvator (see Fig. 8.1 B) controlled by module c in Fig. 8.1 A, consisting of a micro- 
porous PTFE tubular membrane where the solvent is retained while the analytes are sent 
to the detector through the tube. An argon flow removes the solvent vapour from the outer 
wall of the membrane. Whether the desolvator is required depends on the particular ana¬ 
lytes and technique. Thus, in MIP-based techniques, matrix effects exhibited a strong 
influence in a systematic study of 35 analytes involving the use of USN without a desol¬ 
vation system [21]. In some cases, the operation of the desolvation membrane can be 
hampered by the analysis conditions (e.g. in the determination of platinum in urine, where 
the membrane is prone to frequent blocking by the urine matrix [22]). 

Liquid samples are inserted into the two commercial USNs through the inlet tubing by 
pumping with, for example, a peristaltic pump. For this reason, these nebulizers are fre¬ 
quently said to operate in the continuous mode [23]. The inlet tube also allows the USN 
to be used as an interface between a flow system, where other steps of the analytical 
process can be developed, and the detector. CETAC USNs have been used in official 
methods of analysis such as US-EPA Method 200.15 for the determination of metals and 
trace elements in water by USN-ICP-AES [24]. 

Ultrasound nebulizers can also be operated in the geyser mode [25,26], which involves 
using a nebulizing cell coupled to the ultrasonic transducer via a water transmitting bath. 
This nebulizer is scarcely used in quantitative analysis owing to its poor precision. 
However, it has the advantage that it does not produce any waste as any products 
condensing on the walls of the spray chamber are recycled into the sample cell. Joannon 
et al. modified a commercially available continuous USN, as shown in Fig. 8.2, to operate 
in the batch mode by coupling the ultrasonic transducer horizontally with a sample cell 
made of silica glass via a water bath [26]. The precision was thus improved and the 



Figure 8.2. Scheme of a geyser-type ultrasonic nebulizer. 1 — interchangeable 
nebulizing cell, 2 — sample solution and geyser-like aerosol plume, 3 — piezoelectric 
transducer, 4 — ultrasonic generator, 5 — transducer cooling circuit, 6 — PTFE base with 
argon carrier gas inlet, 7 — spray chamber, 8 — heated tube (150°C), 9 — condenser 
(1°C), 10 — 3-way valve and 11 — arqon sheath qas. (Reproduced with permission of 
Elsevier, Ref. [26].) 
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repeatability was similar to that obtained with pneumatic nebulization. In any case, 
geyser-type USNs have so far been scarcely accepted by analysts. 

The high efficiency of USNs intended for dosage of pharmaceuticals has also been 
useful for sample insertion into atomic spectrometers. Thus, Hayashi et al. used one such 
nebulizer equipped with a vibrating metal mesh with a low-pressure helium ICP-MS instru¬ 
ment to remove argon-related interferences. One drawback was the low tolerance of 
solvent loading, which required the use of a desolvation system [27]. 

The relatively high cost of commercial USNs has promoted the development of 
custom-made prototypes. Thus, some authors have modified commercial humidifiers to 
obtain batch USNs for use with atomic spectrometers. However, these custom-made neb¬ 
ulizers are impractical and feature a severely limited throughput. Thus, Yeon et al. used a 
humidifier to make a continuous USN for ICP-AES with a configuration similar to that of 
the CETAC units [23]. The prototype exhibited improved sensitivity relative to a pneumatic 
nebulizer, but also impaired precision owing to signal instability. 

Jankowski et al. used two prototypes of low-flow USNs differing in the configuration of 
the MIP excitation source [7]. One, designed by Jankowski’s group, used a transducer 
operating at 2.6 MHz and 10 W, and horizontal conduction to the plasma source. The 
other, designed by Plazmatronika, was equipped with acoustic power adjustable up to 50 
W and 2.65 MHz. A spherical spray chamber made of PTFE was used to couple the con¬ 
nection to the plasma source in a vertical configuration. Unlike most high-flow USNs for 
MIP-AES, neither nebulizer used a desolvation unit. 


Variables involved in ultrasonic nebulization 

Optimizing the major variables influencing USNn operation has been a crucial step in the 
development of some analytical methods; however, US energy variables such as fre¬ 
quency and intensity, which have proved influential in other processes such as digestion, 
leaching or emulsification, have rarely been considered in optimization studies. Thus, the 
two main variables influencing signal intensity during USNn are the nebulizer gas flow- 
rate and the temperature inside the heating, desolvation and cooling areas. The nebulizer 
gas flow-rate determines the velocity at which the sample can be inserted into the detector; 
however, it can also affect plasma stability in plasma-based detectors. For the CETAC USNs, 
this parameter is recommended to be set at 0.6-2.0 ml/min, depending on the particular 
application [20]. In ICP-MS, the dwell time, defined as the time taken by the instrument to 
measure the signal at each mass during repetitive scans, can be regulated via the flow rate 
of the nebulizer gas and sweep gas — which is an argon flow used to remove the solvent 
vapour from the exterior of the membrane desolvator when one is used. Figure 8.3 shows 
the influence of the sweep gas flow-rate of the USN on the signal intensity for Sb(V) and 
trimethylantimony chloride (TMSbCI 2 ) as obtained by ICP-MS [28]. 

Temperatures in a USN range from 140 to 160°C in the heating and desolvation zones, 
and are in the region of 2°C in the cooling area. However, the exact values depend on 
both the solvents employed and the sample composition, so, they should be optimized for 
each particular application. When a desolvation tube is used, its temperature is one cru¬ 
cial operating parameter for the USNn. Thus, if the temperature of the tube is too high, 
the water and organic solvent evaporate completely and the aerosol particulate may be 
too small to be carried by the nebulizer gas flow, thereby decreasing the transport effi¬ 
ciency; if the temperature is too low, then too much water and organic vapour may be intro¬ 
duced and the plasma overcooled as a result. One example for the influence of 
temperature is provided by Sb speciation analysis by HPLC-USN-ICP-MS, where lowering 
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Figure 8.3. Influence of the sweep gas flow-rate of the USN on the signal intensities of 
Sb(V) and TMSbCI 2 . (Reproduced with permission of Elsevier, Ref. [28].) 


the temperature of the USN heating and desolvation regions from 160 to 80°C increased 
the sensitivity by approximately 25%, probably as a result of the absence of condensation 
of the aspirated mobile phase at 80°C in the tube connecting the outlet of the USN and the 
plasma torch [28]. Another example is the determination of trace elements in crude oil and 
fractions, where the heater system of the USN had to be disconnected in order to avoid 
deposition of asphaltenes and adherence of oil residues onto the quartz tube [29]. 

During the desolvation process in a USN, the sample is exposed to a large glass surface 
area; the analytes are often retained on the extensive glass surface and then released 
slowly throughout the following analysis, thereby increasing the background signal for these 
analytes. In order to remove the memory effect, an optimized washing protocol normally 
based on HCI and HN0 3 must be used to clean the equipment properly [30]. 

The solvent where the sample is diluted is another significant variable to be optimized 
(in terms of the detection system, sample stability, etc.) in order to ensure the best 
possible operating conditions. 


Alternatives to ultrasonic nebulization 

Ultrasonic nebulization is known to provide a higher analyte transport efficiency than 
pneumatic nebulization (normally 8-15 times higher); this results in improved sensitivity 
and lower detection limits, which is especially important for the analysis of species at trace 
or ultratrace levels [31-35]. Ultrasound-assisted generation of smaller drops and the use 
of a desolvation system to remove most of the solvent load allow the production of fine, 
dry analyte-enriched aerosol for insertion into a detection system; some authors, however, 
ascribe most of the sensitivity increase of USNs to the desolvation system alone [36]. 

Matrix effects in ultrasonic nebulization cause more problems than in pneumatic 
nebulization [37]. The matrix effects of USNn with heavy matrices have been ascribed to: 
(a) differences in matrix composition between standards and samples often leading to 
changes in the efficiency of aerosol formation due to changes in viscosity or salt content 
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of the sample and responsible for various evolution phenomena occurring in the plasma; 
(b) changes in aerosol transport, mainly during the condensation step; and (c) changes in 
analyte dissociation and (or) excitation in plasma-based detectors. All these phenomena 
decrease analyte signals. In theory, correction with a classical internal standard should 
allow these effects to be offset; occasionally, however, this conventional method fails. 
Thus, Hoenig et al. found the determination of boron and copper by USN-ICP-AES in the 
presence of calcium and nitric acid — which were added to both standards and samples — 
to be hampered by chemical reactions occurring in the condensation stage of the USNn 
and resulting in subsequent analyte losses to the waste [38,39]. In this situation, more 
sophisticated corrective means such as multivariate techniques are required. In common 
with other high-efficiency nebulizers (e.g. high-pressure or concentric high-efficiency neb¬ 
ulizers), USNs are only useful for significant matrix effects if an efficient desolvation 
system is employed. Another shortcoming of USNs — similar to all high-efficiency nebu¬ 
lizers — is their susceptibility to acid concentrations above 10%, which can cause erosion 
of the sampler cone. By contrast, conventional pneumatic nebulizers can operate at acid 
concentrations as high as 50% v/v, except for HF [40]. 

Concerning sample consumption, USNn reduces the sample insertion rate and results 
in longer measurement times, which is important in the analysis of semi-micro amounts 
of sample. However, sample consumption with USNn is high relative to microconcentric 
high-efficiency nebulizers, which can provide excellent results with as little as 100 pi of 
sample [41]. 


Applications of atomic spectrometers with ultrasonic nebulization 
for sample insertion 

The widespread use of USNn for sample insertion in atomic spectrometers is apparent 
from the number of reported applications. As noted earlier, the atomic techniques 
benefiting to the greatest extent from USN are plasma-based techniques [4,19]. By contrast, 
FAAS- and ETAAS-based detectors have scarcely been used with USNn [9-11]. 

Laser-excited AFS with flame atomization or laser-induced plasma as atom source 
have also benefited from direct USNn. One example is the method used to obtain on-line 
and size-segregated information on the elemental chemical composition of ultrafine 
aerosols [12]. In contrast to plasma-based detectors, laser-excited AFS instruments afford 
miniaturization for field applications. 

Microwave-induced plasma atomic emission spectrometry is a useful analytical tech¬ 
nique for the determination of alkali and alkaline earth metals (e.g. that of sodium in 
water-soluble organic pharmaceuticals [42] with detection limits of 0.91-3.0 ng/ml). Also, 
it allows samples with organic contents up to 5% to be inserted without a desolvation 
system. Beryllium in spiked water samples was determined in this way with detection 
limits at the level of parts per trillion (ppt) and a precision of 1.8% as relative standard 
deviation (RSD) [43]. 

The USN-ICP-AES combination has been used in place of the time-consuming ETAAS 
for the determination of trace elements in biological and environmental matrices (e.g. As 
and B in plant matrices or plant-derived foods [44]); detection limits, however, were poorer 
than those provided by ETAAS. The same USN-ICP-AES combination has also been 
used for sequential trace multi-element determination of metals other than Cd in 
Argentinian wines — the presence of low cadmium concentration required the use of 
ETAAS instead [45]. 

Simultaneous determinations of several analytes at trace or ultratrace levels with a 
high resolution require the use of a highly sensitive multi-elemental technique such as 
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ICP-MS. Ultrasonic nebulization not only increases the sample introduction efficiency, and 
hence the analytical sensitivity, but also reduces the effects of problematic spectral inter¬ 
ferences from different polyatomic species (oxides, hydroxides, argides). Typical exam¬ 
ples include the determination of trace elements in food matrices, where USNn reduced 
the effect of interferences relative to pneumatic nebulization [46] and that of platinum 
group elements and gold in geological samples with resolvable signals above background 
in the femtogram per gram range [30]. However, spectral interferences from matrix con¬ 
stituents of the sample alter the quantification of some trace elements by low-resolution 
quadrupole ICP-MS in sample solutions with a high matrix complexity and salt load — the 
latter resulting from decomposition by melting with fluxes — in the absence of a desolva¬ 
tion system [17]. The use of high-resolution sector field ICP-MS allows the elimination of 
most polyatomic interferences, with improved sensitivity resulting from the improved ion 
transmission and low detection noise. Ultrasonic nebulization with magnetic sector field 
ICP-MS has enabled the determination of Pt, Pd and Rh at very low levels in urine 
samples relative to the low-resolution quadrupole ICP-MS, which proved ineffective to 
quantify the target analytes [47]. 

Organic samples have also been analysed with atomic detectors using USN without 
the need for sample preparation step. However, the insertion of organic solvents into the 
plasma of an ICP-MS instrument is critical since the plasma may be destabilized or even 
extinguished as a result. Thus, unoxidized carbon atoms may recombine to form graphite 
on the relatively cold interface cones and the ionic lens, thereby obstructing the cone ori¬ 
fices or changing the optimum voltage of the ionic lens. In addition, carbon polyatomic 
ions may be formed and interfere with the determination of some analytes [48]. Ultrasonic 
nebulizers — with or without a desolvation membrane — allow the amount of organic 
vapour that reaches the plasma to be restricted. Other miscellaneous approaches have 
been proposed to reduce the organic vapour content of the plasma such as the addition 
of oxygen to the plasma gas [49,50] in the determination of trace elements in crude oil 
and fractions by USN-ICP-MS, dilution with toluene being the sole treatment required. 
Carbon build-up at the interface and ion lenses was minimized by optimizing the argon- 
to-oxygen ratio in the plasma and by the desolvation system of the USN [29]. 

Ultrasonic nebulizers have also been employed in continuous flow systems as inter¬ 
faces between sample preparation steps in the analytical process and detection by virtue 
of their suitability for operating in a continuous mode. Thus, preconcentration devices 
have commonly been coupled to atomic spectrometers in order to increase the sensitivity 
of some analytical methods. An enhancement factor of 100 (10 due to USNn and 10 due 
to preconcentration) was obtained in the determination of platinum in water using a column 
packed with polyurethane foam loaded with thiocyanate to form a platinum-thiocyanate 
complex [51]. An enhancement factor of 216 (12 with USNn and 18 with preconcentration) 
was obtained in the determination of low cadmium concentrations in wine by sorption of 
metallic complexes with pyridylazo reagents on the inner walls of a PTFE knotted reactor 
[52]. One special example is the sequential determination of As(lll) and As(V) in water by 
coupling a preconcentration system to an ICP-AES instrument equipped with a USN. 
For this purpose, two columns packed with two different resins selective for each arsenic 
species were connected via a 16-port valve in order to concentrate them for their subse¬ 
quent sequential elution to the spectrometer [53]. 

Separation equipment such as HPLC or CE has been coupled to atomic spectrome¬ 
ters via USNs to enable the determination of inorganic and organometallic analytes. 
Thus, antimony speciation analysis — inorganic Sb(lll) and Sb(V), as well as TMSbCI 2 — 
was accomplished by separation by anion exchange chromatography and subsequent 
insertion of the eluent into the plasma of an ICP-MS instrument using USNn [28]. 
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Selenium speciation analysis has been performed with on-column preconcentration 
HPLC-AFS and USN as the interface, with detection limits of 8.6 and 30 ng/ml for Se(IV) 
and Se(VI), respectively, in spiked water [13]. The high resolution and small sample 
consumption of CE have also been used in combination with ICP-MS via USN for efficient 
trace element speciation analysis in environmental and biological samples. Thus, metal- 
lothioneins were separated and detected using CE-USN-ICP-MS with resolution similar 
to that obtained with a concentric-glass nebulizer, but improved signal intensity (from 3.6 
to 8.4 times) and signal-to-noise ratio (from 1.3 to 2.8 times) [54]. The CE-USN-ICP-MS 
combination has also been employed for the determination of inorganic anions and 
cations in aqueous solutions with detection limits in the low parts per billion (ppb) to ppt 
range [55]. 

In the case of solid samples, the usual procedure is the off-line transfer of the target 
analytes to a liquid phase. Such is the case with the determination of lead in Ilex 
paraguariensis (mate tea) samples, where the leachate was introduced into a continuous 
system for on-line preconcentration-determination using USN as an interface [56]; or that 
of platinum group elements in impact breccias by USN-ICP-MS following digestion and 
anion exchange concentration [57]. However, operations involving solid samples (e.g. 
leaching, digestion, pervaporation) can indeed be performed in continuous flow systems, 
so there should not be any problem to couple them with atomic spectrometric detection 
via a USN interface. 


8.2.2. Ultrasound-assisted electrospray formation 

Electrospray ionization (ESI) is a soft ionization method which allows the formation of gas 
phase ions through a gentle process that enables the sensitive determination of non¬ 
volatile and thermolabile compounds. The use of ESI sources in MS has greatly facilitated 
the study of large biomolecules, pharmaceutical drugs and their metabolites; this has 
revolutionized the field of biomedical analysis and contributed to the growth of proteomics 
and drug discovery research. ESI has been successfully used with virtually all types of 
mass spectrometers including quadrupole, magnetic, Fourier transform, ion trap and 
time-of-flight equipment [58]. 

The evolution of the ESI source has been marked by the use of electrospray devices 
as interfaces between the separation systems such as HPLC or CE and MS detectors, the 
earliest instances of which were reported by Yamashita and Fenn [59] and Aleksandrov 
et al. [60] in the mid-1980s. Because ESI-MS is used in many areas of chemistry, a vast 
number of articles reporting specific modifications of the electrospray interface has been 
published so far. Also, instrument manufacturers have provided innovative solutions for 
more sensitive and reliable mass spectrometers. 

Controlling spray formation is crucial with a view to obtain a stable spray and an opti¬ 
mal signal. Because a small droplet contains less solvent, desolvation and ionization can 
be more efficient. In addition, with smaller droplets, analytes that are not surface active 
will have a greater chance of being transferred to the gas phase rather than being lost in 
the bulk of the parent droplet residue. The use of an ESI interface has been limited in 
practice by severe restrictions on solvent composition and volumetric flow-rate. Thus, 
when the volumetric flow-rate is in the range 0.05-3 ml/min, which is typical of HPLC, 
sensitivity can be an issue owing to the decreased ionization efficiency resulting from a 
large droplet size. In this case, some type of post-column flow splitting can be used in 
order to remove most part of mobile phase or buffer [8]. A better established alternative 
is the use of orthogonal nebulizers in order to sample the spray from a region peripheral 
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to the main droplet trajectory, where the droplets are smaller. Flow-rate restrictions make 
ESI amenable to capillary liquid chromatography at rates of nano or microlitres per 
minute. Concerning solvent composition, electrospray efficiency becomes particularly dif¬ 
ficult when the mobile phase composition changes during gradient elution, which is 
required in many HPLC-MS applications. Coupling CE to ESI-MS is also complicated 
owing to the large variety of solvent compositions required for separation, including 
problems posed by the high conductivity of buffer solutions [58]. 

In order to improve the efficiency of the electrospray interface, researchers have sought 
a means to decouple as much as possible the spray formation and ionization processes so 
as to facilitate the production of fine spray of droplets required for successful ion evapora¬ 
tion in the source. For this purpose, spray formation should be made relatively independent 
of the physical and chemical properties of the liquid phase and its flow rate. One alternative 
is producing the spray by ultrasonic vibration nebulization instead of applying an electric 
field [61]. Figure 8.4 depicts an electrospray source equipped with a USN. This device is 
capable of producing the fine spray of droplets required for ESI by purely mechanical 
means, which is less dependent on the influence of applied electrical fields than conven¬ 
tional ESI. In addition, droplets generated by ultrasonic-assisted electrospray formation have 
proved more uniform in size than those provided by an electrospray interface equipped with 
a pneumatic nebulizer [62]. A USN has been coupled to a multiple channel ESI source 
to generate multiply charged (both positively and negatively) peptides and protein ions in 
order to obtain more information. For this purpose, a CETAC U-5000AT — suitable for 
ICP-based detectors — was connected to a seven-channel ESI-MS [63]. 

The widespread acceptance of ultrasonic-assisted electrospray formation has pro¬ 
moted the commercial production of a device of this type by Analytica of Branford, Inc. 
However, most applications of US-assisted electrospray formation are based on custom- 
made designs. 


8.3. ULTRASOUND-ASSISTED LEVITATION 

The interest aroused by micro and nanotechnology in the scientific, chemical, biochemi¬ 
cal, pharmaceutical, biological, biomedical and biotechnological fields, among others, 
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Figure 8.4. Scheme of electrospray source with an ultrasonic nebulizer. (Reproduced 
with permission of the American Chemical Society, Ref. [61].) 
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is indisputable. In this context, the miniaturization of analytical instruments has become a 
key trend by virtue of their wide applicability However, miniaturization and nanotechnol¬ 
ogy are steadily growing in use, but there continues to be a lack of analytical systems 
capable of producing high-quality information at a high throughput. 

The main advantages of miniaturized systems are reduced costs, short separation 
times, high throughput, system integration and multiplexing capabilities, increased reaction 
yields, expeditious operation and sample preparation, and reduced waste generation — 
which is crucial from an environmental point of view. Many of these advantages can be 
ascribed to the significantly increased surface-to-volume ratio of miniaturized analytical 
systems relative to large, conventional analytical systems, which enhances heat and mass 
transfer; as shown below, however, the increased surface-to-volume ratio can be disad¬ 
vantageous in some cases. In addition, portable miniaturized systems afford simple, 
efficient integration of several steps lying close to one another in the time sequence of 
the overall analytical process, thereby facilitating automated handling of reduced amounts 
of samples [64,65]. 

In theory, the previous advantages could make miniaturization a panacea; in prac¬ 
tice, however, they do not. Thus, when a system is scaled down, some characteristics 
such as lengths, areas and volume ratios can differ so markedly from those of macro¬ 
scopic systems as to affect the development of the process concerned. The new 
behaviour will be dominated by material confinement in small structures, a large inter¬ 
facial volume fraction and various unique properties, phenomena and processes. 
In fact, many current theories of matter at the microscale level have critical gaps for 
nanometer dimensions and fail to describe the new phenomena observed at the 
nanoscale level accurately [66]. Also, scaling-down can be problematic with samples 
containing low analyte concentrations as their determination will require larger 
amounts of sample. 

Recent breakthroughs in miniaturized analytical instrumentation include fully 
integrated “lab-on-a-chip” and micro total analysis systems. The former have had only 
moderate success as many analytical chemists have been reluctant to accept them [67]. 
At present, chip-based analytical systems are subject to major shortcomings such as the 
risk of analyte adsorption on walls and at interfaces — which is important especially in 
low-volume analytical systems — and optical interference at the walls of the chips ham¬ 
pering detection. Further research in this field is required in order to effectively circumvent 
these shortcomings [68]. 

Levitation of small amounts of sample can be used to avoid contact with solid walls 
around the sample in a gas-surrounding medium (air in most cases). Levitation provides 
advantages similar to those of miniaturization in chip-based methods (basically, low 
reagent and sample consumption). In addition, levitation avoids contamination between 
samples and external objects, and also adverse effects of sample-wall contact on 
detection [69]. 

Sample levitation can be accomplished in different ways, one of which is by using ultra¬ 
sonic energy. The phenomenon by which small samples of solids, liquids or suspensions 
can be levitated at the nodal points of a standing ultrasonic wave was first described by 
Bucks and Muller in 1933 [70]. The flexibility and potential of acoustic levitation in various 
fields are widely documented, mainly by studies in the analytical and bioanalytical fields 
[71-73]. Therefore, levitation can be considered a mature technique. Its development war¬ 
rants inclusion of a dedicated section in this chapter to describe its fundamentals and 
compare the advantages and limitations of acoustic levitation with other levitation modes. 
The devices used for this purpose and the potential applications of each mode are also 
discussed. 
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8.3.1. Levitation techniques 

There are various techniques enabling free matter floatation or levitation; because they rely 
on different physical principles, they have their own advantages and shortcomings. Thus, 
in addition to acoustic levitation, one has magnetic, electrical, optical and aerodynamic 
levitation, each in turn having several variants (see Fig. 8.5) [68,80]. The fundamentals of 
each levitation technique are briefly discussed and compared below, with special empha¬ 
sis on acoustic levitation. The scope of each technique is difficult to gauge precisely, the 
choice of one over the others being strongly influenced by the system under study. For 
example, using levitation in bioanalytical chemistry involves combining biological compatibil¬ 
ity with easy sample handling, stable sample positioning, ready access to the sample, the 
ability to process a wide range of sample volumes, and low supply and operational costs. 


Magnetic levitation 

Levitation can be accomplished without any energy input by using a magnetic field 
generated by a permanent magnet, electromagnet or superconducting magnet. Magnetic 
levitation can be carried out in the electromagnetic (EM) or electrodynamic (ED) mode. 
In the former, an attractive force is generated between normal electromagnets and a fer¬ 
romagnetic guide. A feedback control loop is required to ensure adequate stability. 
EM levitation can only be used with high-electrical conductivity materials at ambient 
temperature [74-76]. ED levitation is based on the induction of eddy currents in conducting 
materials by a magnetic field. One variant of the ED mode relies on the force acting 
between the magnetic field generated by superconducting magnets and stationary coils 
located in the wave guide. Field changes are induced by the relative motion between the 
superconducting magnets and stationary coils. Another option is based on the force 
generated by magnetic field variations inducing time-varying currents. This type of ED 
levitation is considered to be electrical levitation in some cases. 

Magnetic levitation is often used in combination with other types of levitation to 
increase stability (particularly with permanent magnets) [77-79]. 
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Figure 8 . 5 . Main levitation techniques. (Reproduced with permission of Elsevier, Ref. [80].) 
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Electrostatic levitation 

In electrostatic levitation, a charged drop is levitated by applying electrostatic fields 
from a set of properly arranged electrodes which allow conductive, semiconductive and 
dielectric materials to be levitated. The difference from ED levitation is that the electri¬ 
cal fields used to manipulate the sample in electrostatic levitation are of the static type. 
This technique can also be used to levitate small uncharged particles by inducing polar¬ 
ization in the sample. Similar to magnetic levitation, the attractive forces produced 
require the use of closed-loop control to ensure stability. Also, the suitability of electro¬ 
static levitation has so far been demonstrated at ambient temperature only because 
static charges gradually decay with time at high temperatures. A large levitation force 
is required to offset the gravitational pull, which in practice requires large sample 
charges and strong applied electric fields (or a large potential difference between the 
electrodes). The high voltage required constitutes a serious drawback, but has the 
advantage that it affords levitation of relatively large particles [80]. Electrostatic levitation 
has found use in protein crystal growth [81] and X-ray scattering studies of metallic 
liquids [82], among others. 


Optical levitation 

Optical levitation, first demonstrated by Ashkin in 1970 [83], can be accomplished by 
using a large number of aperture lenses to focus a laser beam sharply onto a sample, 
which is thus subjected to a scattering force that pushes it forward in the direction of 
the energy flux. A gradient force is also exerted to pull the sample towards regions with 
a high electrical density (generally, the focal region). In regions where two forces 
cancel each other, the sample may be suspended at a stable three-dimensional 
(3D) position [84]. The main shortcoming of optical levitation is the presence of 
thermal forces caused by temperature gradients induced in the medium surrounding 
the sample. Such forces make levitation positions unstable, but can be avoided by 
suspending relatively transparent particles in transparent surrounding media (water, 
oil or air) [80]. 

Other optical-based levitation methods use two or more laser beams to generate 
only one stable equilibrium point below the beam-crossing point [85]. Typical 
applications include 3D cellular and intracellular micromanipulation [86], and cell 
sorting [87]. 


Aerodynamic levitation 

Aerodynamic levitation uses a flow of gas or liquid to apply a force in order to raise spher¬ 
ical specimens. Depending on the flow direction, one has air cushion levitation (pressur¬ 
ized air flows upwards through several holes leading to a repulsive levitation force that 
counterbalances the sample weight) or Bernoulli levitation (compressed air from a high- 
pressure supply flows downwards through a nozzle and, after lifting up the sample, flows 
outwards) [80]. There are also some hybrid variants of aerodynamic levitation based on 
the two previous principles, namely: simultaneous upward suction force and downward air 
cushion levitation [88]. Aerodynamic levitation has found much use in industrial applica¬ 
tions and for levitating solid spheres. Some vibrational instability has been encountered 
in aerodynamic levitation with liquids [89]. 
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Acoustic levitation 

Although the fundamentals of acoustic levitation have been established by now, some 
complex theories of non-linear acoustics remain unclear [80]. Acoustic levitation is based 
on the production of a standing wave with equally spaced nodes and antinodes by multi¬ 
ple reflections between an ultrasonic radiator and a solid reflector; this allows the levita¬ 
tion of small samples in the pressure nodes of the acoustic standing wave (see Fig. 8.6). 
However, not all nodes are useful for stable levitation, those lying directly in front of the 
transducer and the reflector being preferable [90]. The mode using a transducer and a 
reflector (known as “standing wave levitation”) is most widely documented and used in 
analytical applications; hence, the following section is devoted to it. So-called “near-field 
levitation” or “squeeze film levitation” replaces the reflector with the levitated object and is 
better suited to guiding or transferring systems. 

In near-field levitation, the sample is lifted through direct radiation within the near field 
of a high-intensity ultrasonic transducer, so the levitation height is normally quite short 
because the levitation force is inversely proportionally to the square of the levitation dis¬ 
tance [91,92] and depends on the intensity of the sound transducer. The high-intensity US 
generates strong forces, so it can levitate samples of any weight provided the sample and 
vibrating plate are kept at an appropriate distance. 



Figure 8.6. A 500-nl water drop levitated in a node of a standing wave created between 
an ultrasonic transducer (bottom) and a solid reflector (top). (Reproduced with 
permission of Springer-Verlag, Ref. [68].) 
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Acoustic levitation can be accomplished in a gaseous atmosphere not only under 
ambient conditions, but also under microgravity conditions or in a liquid environment; most 
often, however, it involves levitating the small amounts of sample used with the 
increasingly ubiquitous miniaturized systems. The maximum diameter a levitated sample 
can have depends on the ultrasonic wavelength used; in fact, it is a multiple of a half¬ 
wavelength under ambient atmospheric conditions. Acoustic levitators usually operate at 
US frequencies from 15 to 100 kHz (i.e. at wavelengths over the range 2.2-0.34 cm). 
However, with ultrasonic wavelengths above ca. 8 mm the maximum volume of a levitated 
liquid drop cannot be estimated from the wavelength as it is determined by the ratio of 
hydrostatic pressure to the capillary pressure generated by surface tension inside the 
drop. If such ratio, which is called the “Bond number”, exceeds 1.5, then the drop will dis¬ 
integrate. Therefore, the two variables dictating the maximum volume of a levitated drop 
are the surface tension and the specific density of the liquid [93,94]. With solids, the main 
requirement derives from the density of the material; however, the limits for this parameter 
depend on the particular acoustic levitator. Thus, the APOS BA10 from Dantec Dynamics 
is specially designed for applications involving liquid and solid samples with densities over 
the range 0.5-2.0 g/ml, but short levitation times are also possible with samples of a 
higher density (below 8 g/ml) [68]. 

Figure 8.7 depicts an ultrasonic levitator and the distribution of the acoustic pressure 
and velocity, and the levitation force, in a standing acoustic wave. Under microgravity 
conditions, a particle can be positioned exactly in the pressure node, where both the 
acoustic pressure and levitation force are zero, whereas the acoustic velocity is maximal. 
Therefore, stable levitation is possible at such a position. In the remaining space, how¬ 
ever, levitation forces act in the direction of the nearest pressure node in order to produce 
a stable levitation by upward or downward flow, depending on the experiment. For this pur¬ 
pose, ultrasonic irradiation of relatively high power must be applied as variables such as 
density or ultrasound velocity only contribute to scale the forces. Nevertheless, some 
surface properties such as roughness can influence the fluid flow and as a result alter the 
acoustic field slightly [80]. 


Reflector 



Figure 8 . 7 . Levitation of samples in an acoustic standing wave. (Reproduced with 
permission of Elsevier, Ref. [80].) 
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Comparison of levitation techniques 

A comparison of the above-described levitation techniques allows one to conclude that 
(1) electric and magnetic levitation can only be applied to specific materials and always 
require strict control in order to ensure stability; (2) optical levitation is restricted to very 
small, relatively transparent particles in a transparent surrounding liquid — in addition, the 
forces it generates are too small to allow samples larger than 150 pm to be handled, 
although this limit is dependent on the particular optical levitator; (3) aerodynamic levita¬ 
tion exhibits poor lateral stability and requires a more complex experimental set-up (one 
including an external source of pressurized air) than does ultrasonic levitation [80]. 

The main advantage of acoustic levitation in relation to other levitation techniques is 
that materials in different states of aggregation (solids, liquids, suspensions and gases) 
can be levitated by using acoustic forces irrespective of their physical properties 
(viz. whether they are insulators or conductors, magnetic or non-magnetic) [72], with the 
sole exception of the restrictions imposed by the density of the material. Although US can, 
in theory, be used to levitate any type of material, applications of acoustic levitation to 
solids have so far been restricted to a few studies in analytical chemistry and related 
areas, largely as a result of the unavailability of appropriate devices for sample position¬ 
ing and detection systems for extracting information from solids; the latter problem 
stresses the significance of sample preparation. Finally, gas levitation has essentially 
been limited to basic studies. 

The main problems of acoustic levitation are acoustic streaming and non-uniformity in 
the force field. The energy density distribution induces an acoustic convection flow which 
enhances heat and mass transfer; this can be an advantage or a disadvantage with a view 
to position the samples stably as slight asymmetries in the acoustically induced convec¬ 
tive flow field can result in undesired, uncontrolled sample rotation. This situation is par¬ 
ticularly important in applications where heat and mass transfer are decisive, especially 
with strong acoustic fields. Therefore, strict control of the field flow around an acoustically 
levitated sample is extremely important [95-97]. A compromise solution must usually be 
adopted as the acoustic field should be strong enough to overcome gravity and prevent 
the drop from falling down, but not so strong as to cause the drop to disintegrate into small 
droplets by the effect of capillary forces, which are produced by the surface tension of the 
curved drop surface, becoming too weak to keep the drop intact [94]. 


8.3.2. Approaches to acoustic levitation 

This section discusses the most interesting acoustic levitation approaches for use in ana¬ 
lytical chemistry and describes devices for sample positioning in the levitator and reagent 
delivery, ultrasonic levitators and the coupling of acoustic levitators to detection and 
separation systems. Also, it discusses future prospects for acoustic levitation. 


Sample and reagent delivery devices 

The importance of sample delivery is frequently overlooked in the studies on acoustic levi¬ 
tation, even though precision in the analyses relies heavily on an appropriate choice of the 
sample volume. Delivery systems are closely related to the nature of the sample (liquid, sus¬ 
pension, solid or gas). Any type of system (e.g. a micropipette, capillary, or microsyringe) 
can be used to position a drop from a liquid or slurry sample in an ultrasonic levitator. 
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When the needle or tip holding the drop is positioned in the ultrasonic field, the US ampli¬ 
tude must be raised in order to overcome the adhesion forces which attach the drop to the 
needle or tip. Alternatively, the needle or tip can be introduced into the acoustic field 
through a small hole in the reflector plate [98]. Drop detachment from a microsyringe tip 
can be facilitated by coating the tip with a hydrophobic substance (e.g. paraffin in 
n -hexane or silicone) provided it does not alter the sample composition; drop detachment 
is more difficult for liquids with a low surface tension and (or) viscosity. Thus, levitation of 
solvents such as diethylether is virtually impossible; by contrast, ethanol, methanol and 
toluene can be readily detached by virtue of their weak adhesion to the needle tip. Table 8.1 
lists selected organic and inorganic liquids used for acoustic levitation and their relevant 
properties. Capillaries can be coated with glass or polymers, but should be as thin as 
possible in order to reduce adhesion forces [72]. Also, the use of high ultrasonic power 
during sample positioning facilitates drop detachment; the droplet can be easily stabilized 
by adjusting the distance between the transducer and the reflector, and setting an 
appropriate ultrasonic power [68]. The microsyringe has so far proved the best choice of 
delivery system in terms of precision, which is about ± 0.05 jil [99]. 

Another effective choice is the use of piezoelectric micropumps, which, depending on 
the applied voltage (up to 80 V), pulse length (from 1 ps to 500 ms), droplet emission 
frequency (max. 1000 Hz), distance to the acoustic levitator and nature of the pumped 
liquid, can provide nanodroplets of sizes between 0.25 and 1.5 nl. The pumps are always 
operated in the burst mode, — continuous and cyclic burst modes are also possible, 
however — and the number of droplets to be used in each experiment is programmed on 
an individual basis. Micropumps can be mounted on adjustable holders at a certain 
distance from the ultrasonic field. Errors in measuring the sample volume can arise from 
droplet impact during the pumping process. The repeatability of this system with distilled 
water has been found to be about 1-5% as relative standard deviation. Micropumps 
constitute a good choice for acoustic levitation below 0°C as they avoid immediate 
freezing. In this way, a number of microdroplets can be accumulated until the desired 
droplet size is reached [100]. 


Table 8.1 . Maximum diameter (d max ) and volume (V max ) for levitated drops of fluids of 
variable surface tension (<j s ) and specific density (p s ). 


Liquid 

cr s (dyn/cm) 

p s (g/cm 3 ) 

dmax (mm) 

^max Oil) 

Ethanol 

22.3 

0.7894 

4.16 

37.6 

Acetone 

23.3 

0.7910 

4.24 

40.0 

Benzene 

28.9 

0.8790 

4.48 

47.0 

Glycerine 

65.7 

1.2610 

5.64 

94.1 

Methanol 

22.6 

0.7915 

4.17 

38.1 

Mercury 

465 

13.546 

4.58 

50.3 

CS 2 

26.8 

1.2630 

3.95 

32.2 

CCI 4 

26.8 

1.5940 

3.20 

17.2 

Toluene 

28.5 

0.8669 

4.48 

47.0 

Water 

72.75 

0.9982 

6.67 

155 

Xylol 

30.1 

0.8802 

4.57 

50.0 

Cyclohexane 

25.0 

0.7784 

4.43 

45.6 


Reproduced with permission of Springer-Verlag, Ref. [72], 
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One of the problems concerning micropumps is caused by the formation of gas bub¬ 
bles inside the pump head, which can be avoided by adjusting the viscosity and surface 
tension of the solution (e.g. by adding 2-5% m/v glycerol [90]). 

Another choice of non-contact delivery device is the flow-through droplet dispenser 
developed in-house at the Department of Electrical Measurements, Lund University, 
Sweden [73,101,102], which is shown in Fig. 8.8. This device features high precision, a 
wide droplet size range (up to picolitre volumes, which facilitate miniaturization), high 
frequency for droplet ejection (up to 9 kHz) and the ability to dispense samples from a flow¬ 
ing liquid (e.g. in a flow-injection system). Flow-through droplet dispensers are fabricated 
by using silicon micromachining methods. Droplets are ejected from a flow-through chan¬ 
nel formed by joining two microstructured silicon plates with a protruding pyramid-shaped 
nozzle in the centre of the channel and a multilayer piezoelectric element connected to a 
push-bar in the channel wall opposing the nozzle. By applying a short-voltage pulse across 
the piezoelectric element, this is elongated and pushed into the channel, thereby generat¬ 
ing a pressure pulse in the liquid, the increased pressure accelerating the liquid in the 
nozzle causing the ejection of a droplet as a result. This process can be repeated over a 
frequency range of up to several kilohertz. The volume of the ejected droplet, typically in 
the range 40-100 pi, is dependent on the size of the nozzle, the shape of the voltage pulse 
and various properties of the liquid such as its surface tension, viscosity and density. 

There is a viscosity limit for liquids to be ejected by the dispenser that depends on the 
nozzle dimensions. Thus, liquids of viscosity higher than the dispenser limit exhibit poor 
accuracy in droplet formation and volume; this problem, however, can be overcome by 
heating the dispenser to a maximum temperature of 100°C restricted by the particular 



Figure 8.8. Flow-through microdispenser addition to a levitated droplet. The dispenser 
trajectory is seen as the thin white line connecting the dispenser nozzle with the levitated 
droplet. (Reproduced with permission of Springer-Verlag, Ref. [68].) 
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constituent material of the dispenser. Dispensing highly concentrated salt solutions can 
also cause problems due to salt crystallization in the nozzle, which can be avoided by 
using a dispenser furnished with a second layer of a salt-free liquid to cover the primary 
liquid upon ejection [103]. 

One advantage of micropumps and flow-through microdispensers is that droplet evap¬ 
oration can be controlled accurately by adding a solvent in order to keep the droplet 
volume constant, which is essential for quantification purposes. Because US increases 
the temperature of the medium, it can facilitate solvent evaporation. This requires using 
a system such as an imaging detector to continuously monitor the droplet volume in order 
to determine the evaporation rate during acoustic levitation. Both micropumps and 
microdispensers can be coupled via FI manifolds to other units for the development of 
different steps of the analytical process. 

Most of the research on analytical acoustic levitation has focused on liquid samples; 
ultrasonic levitation of solids has been used for containerless processing or material 
transportation in industrial applications. The few analytical applications of acoustic levita¬ 
tion to solids involve dissolution or suspension in a suitable liquid, the resulting solution or 
suspension being subsequently treated in accordance with the detection system used. 
Thus, if the detector system is suitable for liquid samples or suspensions, the best choice 
is to develop the analytical process directly in the solution or suspension. One obvious short¬ 
coming is the resulting sample dilution, which, however, can be overcome by concentration 
through controlled droplet evaporation prior to detection. On the other hand, if the detec¬ 
tion system is suitable for solids, the solvent can be completely evaporated in the droplet 
in order to accomplish levitation of solid particles. 

Acoustic levitation of gas samples is an uncommon application where the best choice 
for sample delivery appears to be coupling a flow system to a closed acoustic levitation 
chamber. 


Ultrasonic levitators 

The earliest experiments of Bucks and Muller in acoustic levitation [70] have been followed 
by a number of studies and developments in acoustic levitators. Especially prominent 
among such studies are those by Kawahara et al., who established the fundamentals of 
acoustic levitation [96]. These authors used a modified acoustic levitator from Tec 5, 
Sensorik u. Systemtechnik Gmb H. The levitator was operated at a frequency of 58 kHz, 
corresponding to a nominal wavelength of 5.93 mm at an ambient temperature of 293 K. 
The flat reflector was positioned 1.5 cm above the transducer to create five pressure 
nodes in the standing wave between the transducer and the reflector; the distance 
between them was accurately adjusted via a micrometer screw (with an uncertainty of 
about 20 pm). The modifications of the original acoustic levitator included placing a cylin¬ 
drical glass tube of 12 mm i.d. around the acoustic transducer and reflector in order to 
form a closed chamber inside of which the acoustic standing waves were generated. This 
type of levitator, called the “tube levitator”, enabled accurate control of the temperature 
and humidity inside the tube. A slight air flow was additionally blown into the tube to con¬ 
trol air humidity and vapour concentration (from the droplet) in the tube. The relative humid¬ 
ity of the air in the tube was adjusted to 4.8% and the temperature was ca. 23°C at the 
beginning of each experiment. The air temperature close to the evaporating surface was 
measured with a thermocouple. 

In 1997, Welter and Neidhart [72] developed one of the earliest applications of 
ultrasonic levitation in analytical chemistry by using an Apos BA 5 acoustic levitator from 
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Dantec Invent (Erlangen, Germany) at an ultrasonic frequency of 58 kHz with the config¬ 
uration shown in Fig. 8.9; the wavelength at ambient temperature and pressure was thus 
ca. 5.7 mm. The optimum sample diameter was 2.4 mm and the maximum volume for 
water drops was 6.5 pi, the maximum levitated volume for other liquids being determined 
by their surface tension and specific density. The distance between the ultrasound trans¬ 
mitter and the reflector ranged from 1.43 to 1.70 cm; although the standing wave had five 
nodal points, only two were suitable for levitation of analytical samples for operational rea¬ 
sons. The transmitter and reflector were placed inside a closed glass tube 7 cm in diam¬ 
eter fitted with two gas suppliers and one opening 2.5 cm in diameter for positioning and 
removing samples that was closed with a rubber plug in order to maintain levitated sam¬ 
ples in an arbitrary, non-corrosive, well-defined atmosphere. This system was in turn 
placed on two micrometer benches which allowed horizontal and vertical adjustment of 
the position relative to the detection systems, micropump and optical fibres [90]. 

Simultaneously, Nilsson etal. reported an airborne system, which was used to develop 
analytical methods [73] and patented in 1999 [104]. This system uses an APOS BA10 
acoustic levitator from Dantec Dynamics (Erlangen, Germany) operating at a frequency 
of 100 kHz and temperatures of 0-70°C. Although the optimum volume of a levitated 
droplet at a frequency of 100 kHz seemed to be between 500 nl and 1 pi, the maximum 
droplet volume tested was 2.3 pi and the minimum volume positioned in the levitator was 
50 pi; however, the droplet evaporated almost immediately after positioning [69]. 

Especially interesting in this context is the acoustic trap proposed in 2001 by Jacob 
et al. [100], who designed and constructed an acoustic levitator for use at temperatures 
down to -55°C. The mechanical part of the acoustic levitator consists of a resonator with 
a stepped-horn amplitude transformer and two piezoceramic transducers cemented to an 
aluminium cylinder. Opposite to the acoustic transducer, a curved reflector is mounted on 
a micrometer adjustment screw. The best performance as regards droplet positioning sta¬ 
bility and energy was achieved in a gaseous medium. The vibrating plate and the lower 



Figure 8.9. Acoustic levitator used by Neidhart et al. for quantitative purposes. 
(Reproduced with permission of Springer-Verlag, Ref. [90].) 
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aluminium cylinder were kept at a constant temperature by means of a brass cooling 
jacket with a 0.3 mm gap in between. In this way any dumping and reduction in levitation 
force were avoided. The previous components were surrounded by a double-wall 
chamber filled with a cooling liquid (ethanol) and furnished with four round windows for 
observation, sample introduction, and temperature and humidity control. Dry air or 
nitrogen was blown in order to prevent condensation of water vapour during observation. 
The acoustic transducer in the cryo-levitator was thermostated to a stable temperature 
down to -15°C in order to ensure a reproducible, stable resonance frequency. 
Temperatures below -20°C caused an irreversible change in the cement used for fixing 
and also, occasionally, separation of the ceramics and cylinder. One way of working at 
lower temperatures is by keeping the transducer at -15°C and the observation chamber 
cooled separately at the desired temperature. Alternatively, one can use a resonator with 
piezoceramic rings in which the aluminium cylinder is compressed by a central bolt. No 
temperature restriction down to -55°C exists for this arrangement. 

Hybrid acoustic levitators are especially useful for some applications. One case 
in point is the aero-acoustic levitator of Gustafson et al. [105], which consists of an 0 2 jet 
(pre-heated at 400°C) coupled with an acoustic levitator. The gas jet can also be regu¬ 
lated via a mass flow controller [97]. Another example is the ultrasonic-electrostatic 
levitator developed by Chung and Trinh for containerless protein crystal growth [81], which 
consists of an ultrasonic levitator with a transducer and reflector that are also used as 
the ground and high-voltage electrodes required by an electrostatic levitator. This system 
can be operated as an ultrasonic or electrostatic levitator by altering the strength of the 
ultrasonic or electric field as the two effects are unrelated. 


Units for sample or aliquot transfer to the detector 

With detection techniques coupled to separation techniques such as GC, LC and 
CE, one choice is transferring the whole sample to the detector. This can be carried 
out with the above-described devices for sample positioning (e.g. microtips, 
micropipettes, capillaries, micropumps, flow-through microdispensers). One can also 
transfer sample aliquots instead of the whole drop using a very thin tip. Micro pipettes 
prepared by etching fused silica capillaries in hydrofluoric acid and mounted on 
micropositioning devices have provided reproducible results in this respect. Adjusting 
the ultrasonic field can help the previous systems and provide a non-contact method 
for aliquot sampling by splitting each droplet into two. This requires shortening the 
distance between the transducer and the reflector, and causes droplet to change from 
spherical to ellipsoid in shape and eventually to split into two as shown in Fig. 8.10. 
One of the droplets can then be taken from the levitator without the risk of contaminating 
previous ones [69]. 

Another choice is blowing the sample out of the ultrasonic field by feeding a nitrogen 
stream into a Dewar flask containing liquid nitrogen. In this way, the frozen sample can be 
easily withdrawn with Teflon forceps. This requires a high skill from the analyst [72]. The 
use of aliquots entails continuous monitoring of the drop volume in order to accurately 
determine the aliquot volume taken — similar to control systems for solvent evaporation. 
Alternatively, an internal standard can be used to correct the inaccuracy derived from 
taking aliquots without volume control. 

Robotic systems (e.g. those equipped with micro or nanopumps) can no doubt be 
highly useful for acoustical levitation of solid and liquid samples, and their subsequent 
transfer to a detection system with improved precision and automation. 
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Figure 8.10. Image sequence showing how sample aliquots can be obtained in a non- 
contact way by using the ultrasonic field to split a sample droplet into two. (Reproduced 
with permission of Ref. [69].) 


Detection systems 

One additional advantage of acoustic levitation for sample handling is the ability to perform 
in situ detection in order to expedite the analytical process and continuously monitor the 
course of various processes on the levitating sample. The capabilities for in situ detection 
depend on the properties and operating conditions of the detection system concerned. 
Thus, optical detectors are especially capable in this respect as they can operate under 
remote and non-intrusive conditions. Various configurations involving diverse detectors 
have been developed for this purpose, one of which uses a charge coupled detector (CCD) 
camera to record video images from the droplet in order to monitor the acoustic levitation 
process (e.g. deformations, other undesirable processes) [106]. This experimental set-up is 
completed by a suitable irradiation source such as a laser, a light emitting diode (LED), or 
a UV, visible or IR lamp operated in a continuous or pulsed mode. Scattered light is 
collected at the entry of a double monochromator which is directly attached to the CCD. 
When a laser or LED is used, the diameter of the illuminating beam should be higher than 
the droplet diameter (about 10 times) in order to minimize the influence of the Gaussian 
profile of the irradiation source beam. 

Ordinary and intensified CCDs have also been used with other configurations such as 
that for fluorescence imaging reported by Santesson etal. [107], which consists of a mercury 
lamp, an optical quartz fibre and the corresponding optics (lenses and interference filters 
in a 90° configuration). Each droplet image consisted of 109 x 91 pixels with recorded 
intensities (the droplet in each image typically had a diameter of ~35 pixels). The main 
advantage of this configuration is that it enables monitoring of dynamic processes in addition 
to analyte quantification. Both native and indirect fluorescence can be used for either 
monitoring or quantification of the target analytes. One example is the use of pH-dependent 
fluorophores to measure the fluorescence resulting from a pH change depending on the 
analyte concentration. The mercury lamp used can be replaced with a laser irradiation 
source in order to improve the sensitivity and selectivity. All laser-based detectors share 
the requirement that the laser focus must be set at an optimum distance from the drop 
in order to avoid signal fluctuations caused by drop movements. Omrane et al. used an 
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Nd:YAG laser for the simultaneous measurement of elastic, fluorescence and phospho¬ 
rescence signals from droplets in order to determine droplet diameter, temperature and 
species concentrations [108]. An imaging stereoscope was required to combine the 
visualization of the signals emitted by the different detectors. Laser-induced phosphores¬ 
cence (LIP) possesses the advantages of higher temperature sensitivity and longer life¬ 
time; the latter property can be used to avoid interferences from background and 
undesirable elastic scattering signals by setting a small delay prior to data acquisition. 
In addition, LIP is insensitive to quenching (e.g. from oxygen) and to pressure changes of 
up to 1 GPa. However, the greatest asset of this approach is the ability to measure 
several signals simultaneously. 

The scattering signal is especially interesting on account of the wealth of information 
it can provide. One specific right-angle light scattering detector is composed of a micro¬ 
scope equipped with a CCD for continuous control of the drop volume. The signal 
scattering intensity depends on many factors including insoluble particle concentration, 
size, size distribution and the presence of particulate aggregates. One requirement is that 
the measured area should be smaller than the smallest drop size throughout the experi¬ 
ment in order to avoid regions with reflections from the irradiation source. This detection 
technique is especially interesting with a view to monitor droplet processes [109]. 

Another approach, proposed by Rohling et at. [90], uses two diode array detectors suit¬ 
able for absorption, fluorescence and phosphorescence measurements instead of a CCD. 
A 1.2-mm core diameter optical fibre is connected to a Xe-Hg lamp and a microlens is 
used to focus light onto the levitated drop; also, a 0.6-mm core diameter optical fibre 
is connected to the diode array detector, which is furnished with an appropriate microlens 
in order to collect emitted or unabsorbed light. Although coupled charge and diode 
detectors are the most common choices in this context, simpler configurations including 
a monochromator for collecting irradiation at a specified wavelength — which is of spe¬ 
cial interest in routine applications — can also be used. 

Raman spectroscopy is another remote detection technique which has been success¬ 
fully coupled to acoustic levitation. The approach allows quantification of analytes and the 
in situ study of dynamic processes, thus providing selective information for structural elu¬ 
cidation. The acoustic levitation-Raman spectroscopy couple improves scattering signals 
through increased deformation of the drop (about 50%). One shortcoming of this 
approach arises from the change in stability of ultrasonically levitated droplets on altering 
the operating conditions and results in decreased accuracy of measurements [106]. 

The low sensitivity of conventional Raman spectroscopy restricts its utility with dilute 
systems. However, substantial improvements in this respect have been achieved by using 
surface-enhanced Raman scattering (SERS); thus, some authors have reported sensitivity 
enhancements greater than 10 12 , including the possibility of single-molecule detection 
[110,111]. In SERS spectroscopy, a laser is used as irradiation source to excite the 
sample adsorbed on a roughened metallic surface, thus enabling the high-sensitivity 
Raman scattering of molecules close to the surface. The origin of the enhancement is 
basically the increased electrical field strength, which decays rapidly into the adjacent 
solution. As a consequence, only the first molecular layers contribute to the observed 
SERS signal, making the measured signal virtually independent of the available volume. 
Acoustic levitation has been coupled to SERS spectroscopy in order to exploit the sensi¬ 
tivity enhanced by positioning the powdered sample on a metal plate at the node in the 
levitator where the drop is to be subsequently placed [112]. In addition to the enhanced 
sensitivity obtained with SERS, the signal-to-noise ratio for SERS can be improved by 
adjusting the drop environment (e.g. by adding electrolytes, changing the solvent, altering 
the colloid density) or by altering the irradiation conditions (e.g. by changing the wavelength 
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or intensity). One shortcoming of SERS spectroscopy in combination with acoustic levita¬ 
tion is that most of the metallic nanostructures employed for SERS detection (namely, 
colloidal solutions of silver or gold) are unsuitable for levitated drops. Some authors have 
proposed the in situ synthesis in the acoustic levitator of highly active SERS sols by reduc¬ 
ing silver nitrate with alkaline hydroxylamine hydrochloride [113]. This has enabled SERS 
substrate preparation at room temperature in a short time. The in situ prepared silver sol has 
been used for the trace analysis of various organic molecules injected into the levitated 
SERS-active droplet by using a microdispenser; this allows the use of fresh substrate for 
each analysis and avoids problems related to analyte carry-over and sol instability. 

Cerenius et al. [114] evaluated the use of acoustic levitation to keep a droplet of liquid 
in an X-ray beam long enough to acquire X-ray diffraction spectra. Solid samples can be 
studied additionally by suspension in a suitable solvent. The most salient advantage of 
X-ray diffraction here is that it can provide more detailed information and a higher quality 
than the Raman spectroscopy. 


8.3.3. Applications of acoustic levitation 

As shown by the applications developed so far, the characteristics of acoustic levitation 
make it especially suitable for use in analytical and bioanalytical chemistry — however, the 
earliest applications focused on the determination of mechanical and physical properties 
of materials such as specific density, viscosity and surface tension [93,115,116]. Ohsaka 
et al. developed a method for determining the viscosity of highly viscous liquids (particu¬ 
larly, undercooled liquids, which exist at temperatures below their freezing points [117]). 
Weiser and Apfel used acoustic levitation to measure mechanical properties such as 
density, compressibility and sound velocity in biological materials [71]. 

The earliest applications of acoustic levitation in analytical chemistry were concerned 
with the development of various steps of the analytical process. Thus, Welter and 
Neidhart [72] studied the preconcentration of n-hexanol in methanol by solvent evapora¬ 
tion and the liquid-liquid extraction of n-hexanol from water to toluene in a levitated 
droplet, which they found to be efficient when using GC-FID with n-pentanol as internal 
standard. Solvent exchange of fluorescein from methylisobutyl ketone to aqueous sodium 
hydroxide was also accomplished. Sample concentration in an acoustically levitated 
droplet prior to injection into a CE equipped with an LIF or UV detector has also been 
accomplished [73,118]. The target analytes (namely, dansylated amino acids) were 
concentrated in the levitated drop and a limit of detection of 15 nM — much lower than 
the 2.5 pM achieved by hydrodynamic injection without preconcentration — was achieved 
following CE separation and quantification. For this purpose, 36 000 sample droplets 
2.3 pi in volume each were sequentially positioned in the acoustic levitator and evaporated. 
This example illustrates the potential of acoustic levitation for coupling to any type of 
detector for micro- or nanotrace analyses. 

Derivatization of target analytes has also been performed in acoustically levitated 
droplets for the determination of mono-, di-, tri- and tetrabutyltin [119]. The target analytes 
were extracted simultaneously from acetate buffer to hexane and derivatized using 
NaB(C 2 H 5 ) 4 . Then, the organic phase was transferred for separation—determination by 
GC-AES. The results were comparable to those provided by conventional derivatization. 

Acoustic levitation has also been used for microtitration with absorptive and fluorescent 
indicators. The addition of titrant was efficiently controlled via a piezoelectric micropump. 
This application testifies to the possibility of using this technique in routine laboratories 
where sample and (or) reagent availability may be a limiting factor [90]. 
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A portable Raman spectrometer coupled to an acoustic levitator (Fig. 8.11) has been 
used for environmental monitoring and taxonomic identification of microorganisms in their 
native environments from spectra for living cells. The high signal-to-noise ratio achieved 
by suspending the cells in air without attenuation from surfaces provides an advantage 
over conventional Raman measurements in a conventional cuvette [120]. 

Leopold et al. reported a system for on-line monitoring of chemical reactions in ultra- 
sonically levitated, nanolitre-sized droplets by Raman spectroscopy consisting of a flow¬ 
through microdispenser connected to an automated flow injection system which enabled 
on-line coupling to other steps of the analytical process [113]. 

Another field of application of acoustic levitation also related to reaction monitoring is 
cryo-enzymology studies, which use low temperatures in order to facilitate the investiga¬ 
tion of enzymes by slowing the rates of enzymatic reactions, or trapping intermediate 
states in order to identify the pathways of specific reactions. Using supercooled liquid 
water at -6°C — small volumes of water can remain liquid down to about -42°C, but its 
viscosity increases significantly, being an ideal medium to slow down enzymatic reactions 
without disruption of enzymes or addition of antifreeze, water-in-oil emulsions or narrow 
capillaries — was found to decrease the rate of the alkaline phosphatase-catalysed 
hydrolysis of 4-methylumbelliferone phosphate 6 times relative to saturating conditions 
(a high substrate concentration) at 22°C [121]. The latter proved similar to bulk solution 
conditions, which suggests that levitation does not disrupt enzyme kinetics. 

The study of living cells and intracellular biochemical reactions in microdroplets is 
another interesting field for acoustic levitation. This is particularly interesting in pharma¬ 
ceutical, biological and medical sciences. Improved knowledge of the chemical composi¬ 
tion and dynamics of single cells should lead to a better and broader understanding of 
how individual cells function in their natural environment. Thus, the addition of (3-adrenergic 
agonists into acoustically levitated droplets (500 nl) containing adipocytes was found to 



Figure 8.11. Portable Raman spectrometer coupled to an acoustic levitator. A — Dantec 
ultrasonic acoustic levitation device, B — Raman fibre-optic probe, C — control unit for 
the acoustic levitation device, D — quartz halogen light source and E — InPhotonics 
portable 785-nm Raman spectrometer (Reproduced with permission of the American 
Chemical Society, Ref. [120].) 
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stimulate adipocyte lysis and lead to free fatty acid release and a consequent pH 
decrease in the surrounding buffer; the addition of insulin antagonized lipolysis and hence 
also the pH decrease. pH changes caused by the cell response in the droplet were con¬ 
tinuously monitored by using a pH-dependent fluorophore and fluorescence imaging 
detection [107]. Studies of cell-to-cell communication between adipocytes and pancreatic 
(3-cells in ultrasonic levitated droplets have also been carried out. Stimulation of insulin 
secretion by (3-cells by virtue of acetylcholine administration to a levitated drop containing 
adipocytes and insulin-producing (3-cells was found to inhibit the isoprenaline-induced 
lysis of adipocytes present in the same drop [122]. 

Ultrasonic levitation and Raman spectroscopy have been used to elucidate inter- and 
intra-molecular structures, and to determine rates of transformation during phase change 
with a view to elucidate the reaction mechanisms of solidification of o-terphenyl crystals 
after melting, undercooling and seeding — all steps being developed in the acoustic 
levitator [123]. The pharmaceutical field can take advantage of this approach in order 
to shorten the time for the development of new pharmaceuticals. Thus, crystallization 
studies of benzamide and indomethacin have revealed the formation of two crystal mod¬ 
ifications for each compound, which suggests that acoustic levitation can be useful to 
investigate polymorphs [112]. 

Levitation has also attracted substantial interest for protein crystallization as the 
growth of suitable protein crystals is an essential step in the determination of protein 
structures by X-ray crystallography. At present, crystals are mostly grown using trial-and- 
error procedures, which waste large quantities of valuable material; this can be avoided 
by using acoustically levitated drops for crystallization in protein precipitation studies in 
order to establish the nucleation conditions resulting in the minimum possible consump¬ 
tion of protein material. Attempts in this direction have been made by using levitated 
drops of protein at a given concentration that was injected with crystallizing agents and 
monitoring the crystallization process by right-angle light scattering [109]. 

Another bioanalytical application is the development of miniaturized biospecific 
affinity two-phase partitioning in an acoustically levitated drop for the study of biotiny¬ 
lated liposomes in aqueous polyethylene glycol)-dextran using NeutrAvidin-dextran 
as the affinity ligand. A two-phase drop was trapped and manipulated in a node of a 
standing ultrasonic wave; then, phase mixing was achieved by adjusting the ultrasonic 
field. The NeutrAvidin-dextran redistributed the biotinylated liposomes from the 
poly(ethylene glycol)-rich phase into the dextran phase. In this way, an entire affinity 
two-phase separation procedure including mixing of the phases and incubation to 
allow affinity interactions under constant volume, followed by phase separation by controlled 
evaporation, was performed in a single levitated drop [124]. This miniaturized method 
could also allow the separation of biologically active membranes or organelles from 
individual cells for analysis. 

Environmental monitoring has also taken advantage of acoustic levitation for the inves¬ 
tigation of physico-chemical processes relevant to the troposphere — mainly at tempera¬ 
tures below 0°C. Gas-liquid transfer of H 2 0 2 from the gas phase to the levitated droplet 
was studied from in situ chemiluminescence measurements. Also, freezing of stably posi¬ 
tioned droplets was observed by means of a microscope and a video camera, and the 
usefulness of this technique for simulation and investigation of cloud processes thus 
demonstrated. Ex situ microanalysis of sub-microlitre droplets by the use of an optical 
fibre luminometer also proved an effective means for investigating important physico¬ 
chemical processes at the micro scale [100]. 

Analytical chemistry can derive greater benefits from acoustic levitation more widely than 
it has so far by exploiting its three most powerful features, namely: (i) the ability to perform 
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contactless measurements, which is important with hazardous materials; (ii) the avoidance 
of undesired contamination from the container, which provides a promising method for 
preparing high-purity materials; and (iii) the avoidance of container wall-induced heteroge¬ 
neous nucleation in order to facilitate massive undercooling in a melt prior to solidification. 


8.4. ULTRASOUND ASSISTANCE TO ELECTROANALYTICAL TECHNIQUES 

The current status of electroanalytical techniques is reflected in its decreased instrumen¬ 
tal development relative to optical techniques and mass spectrometry. Some authors have 
pointed out that, despite the extensive work conducted on model systems, electroanalyt¬ 
ical techniques have not yet reached full development [125]. 

The use of electroanalytical techniques in routine analyses, particularly those involving 
samples with organic constituents, has been traditionally curtailed by two main shortcomings, 
namely: (a) fouling and passivation of the electrodes by species depositing on their 
surface, which affects all electroanalytical techniques; and (b) slow mass transport to the 
electrode and slow kinetics of electron transfer, which affect the sensitivity of redox-based 
techniques. 

Minimizing or avoiding these shortcomings has been an important goal for electroan¬ 
alytical chemists, particularly for techniques based on redox processes. One alternative 
is the use of sound waves and, especially, US waves, based on the chemical and physi¬ 
cal effects of cavitation (including solvent sonolysis, acoustic streaming, microstreaming 
and microjetting) [126] when this type of energy is applied to the electrolyte-electrode 
interface in much the same way to any type of liquid-solid interface. 

Ultrasound assistance can be provided before and (or) during analysis. In those 
techniques which do not involve any electron exchange at the solution-electrode inter¬ 
face, US is normally applied prior to analysis in order to activate the electrode surface and 
hence in the absence of sample; in electron-exchange processes, US can be applied as 
a pretreatment, but also during analysis. In the latter case, US can be applied during the 
measurement step and, in stripping techniques, during deposition of the analyte of interest 
on the electrode, either electrochemically or by physisorption. 

The assistance of US to electroanalytical techniques during analysis is known as 
s onoelectroanalysis. This should also include the use of low-frequency sound (below 
20 kHz), which has been found to significantly increase mass transport and the limiting 
current (and sensitivity as a result) [127-130]. 

This section discusses the potential of sonoelectroanalysis, expansion of which is cur¬ 
rently at a standstill owing to the few groups working on it. With few exceptions involving 
baths, probes are the ultrasonic sources used to assist electroanalytical processes with 
US. Some authors have pointed that the low, spatially variable distribution of ultrasonic 
intensity provided by baths is a major hindrance for using these devices with electroana¬ 
lytical techniques [131]. Therefore, most of the examples described in this section involve 
the use of probes as US sources. 


8.4.1. Influence of ultrasound on electroanalytical processes 

Despite its beneficial effects on electroanalytical techniques, which include avoiding elec¬ 
trode passivation, enhancing mass transport and current intensity, and the ability to 
modify process kinetics, US assistance has not yet gained widespread acceptance in 
routine analytical laboratories [132,133]. 
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Electrode depassivation 

The ability of US to clean dirty surfaces has been discussed earlier in the section dealing 
with US assistance to steps preceding sample preparation in Chapter 2. However, the 
cleaning of passivated electrodes is worth special attention here by virtue of its impor¬ 
tance for electroanalytical techniques. The depassivating or cleaning effect of US is 
a consequence of cavitational collapse when ultrasonic energy is applied to the 
electrode-solution interface. Specifically, the key cause is the mechanical effect known as 
microjetting (see Chapter 3), by which liquid jets implode on the electrode surface and 
remove adsorbed species. However, microjetting can produce pits on the electrode sur¬ 
face and damage it to some extent depending on variables such as the acoustic fre¬ 
quency and intensity applied, composition and temperature of the liquid phase and, 
obviously, the electrode material [133,134]. This surface pitting effect has been demon¬ 
strated in a polished platinum electrode in acetonitrile-tetrabutylammonium perchlorate 
(NBu 4 CI0 4 ) by comparing its surface before and after sonication at 20 kHz at 60 W/cm 2 
for 2 min [135]. This slow — but significant — roughing effect was monitored by atomic 
force microscopy (AFM), which revealed an electrode to be damaged by increased sur¬ 
face roughness [136], and also by AC impedance spectroscopy, using fractal dimensions 
as a measure of surface roughness [137]. 

Removing species adsorbed on an electrode surface requires a stress stronger than 
their cohesive force to the electrode surface. Depassivation assisted by US is governed 
by parameter a according to: 


a = 


1.5W a ’ 


( 8 . 1 ) 


where a is the tangential stress acting on the surface, R p the radius of the spherical 
particle and W A the work of adhesion of the particle. When a tends to very low 
values, US energy can only remove adsorbed species at frequencies and intensities 
above the usual levels. This situation is also dependent on the particular type of 
electrode. Thus, ascorbic acid adsorbed on platinum electrodes cannot be removed 
by sonication at 20 kHz [138]; also, sonicating carbon and gold electrodes for 10 s 
to 10 min at a horn-electrode distance of 7 mm after adsorption of phenan- 
threnequinone was found to only alter the current — through an increased electrode 
area caused by pitting [139]. 

Depassivating electrodes with US is not always possible; in fact, the high current den¬ 
sities induced by US can block electrodes rather than depassivate them in some cases 
[140,141]. This is a result of increased mass transport (see next section) producing a pas¬ 
sivation effect and requires lowering the concentration of electroactive species in order to 
avoid it. 

Nevertheless, electrode depassivation is of paramount importance in electroanalytical 
processes (particularly in highly passivating media, where silent electrochemical detec¬ 
tion could fail and sonication can transform small signals into large, quantifiable ones). 
Typical examples involve biological and environmental samples — usually with complex 
matrices — from which large molecules such as proteins or surfactants can be readily 
removed with the aid of ultrasonic energy assistance (e.g. in the determination of 
dopamine in egg homogenate by sonovoltammetry [142], which was used as a model 
system to study the effects of electrode contamination and its subsequent reactivation by 
ultrasonic irradiation as illustrated in Fig. 8.12). No ultrasonic irradiation was used during 
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the measurement step in order to check for an increase in the voltammetric signal exclu¬ 
sively due to ultrasonic pre-activation of the electrode. Images obtained by AFM exposed 
such a depassivation on comparing the electrode surface after exposure to egg 
homogenate for 2 h and after in situ ultrasonic cleaning at 20 kHz. The ability to clean the 
electrode, combined with a potentially fast response, proved attractive for routine screen¬ 
ing applications. 

The passivating effect cannot be ascribed to organic species alone. Thus, Lorimer 
et al. showed 20-kHz sonication of a copper electrode surface prior to silent cyclic 
voltammetry to greatly increase peak current and sharpness in the copper voltammogram, 
which suggested an effective activation of the metal surface by US through increased 
surface roughness (and an increased effective electrode area as a result [143]). 
Oxidation was produced at the same potentials as without US activation; however, the 
reduction scan exhibited an additional peak to those for the reduction of cupric oxide 
to cuprous oxide and the further reduction of the latter to metallic copper. The new 
peak was ascribed to the formation of active sites during presonication of the copper 
surface. 


Enhanced mass transport and increased current intensities 

Mass transport induced by US is a key aspect of sonoelectrochemistry as confirmed by 
several authors who have identified the underlying physical processes [140,144-148]. 
Enhanced mass transport to the electrode displaces the redox process equilibrium and as 
a result increases the analytical signal. The influence of US is closely related to the use of 
continuous agitation or rotating disk electrodes [145,146]. The effect was demonstrated by 



Potential (V) 

Figure 8.12. Linear sweep voltammograms detailing the effect of US assistance for 2 
min on electrode depassivation for the oxidation of dopamine in the range 20-100 pM at 
a glassy carbon electrode within egg homogenate. pH 7, scan rate 50 mV/s. 
(Reproduced with permission of Elsevier, Ref. [142].) 
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Compton etal. for the oxidation of 2-mM ferrocene in acetonitrile containing 0.1 M NBu 4 CI0 4 
at a 2-mm diameter Pt disk electrode [149]. Ultrasound assistance (20 kHz, 50 W/cm 2 , 
40 mm electrode-to-horn distance) during the measurement step provided a limiting 
current that was ten times higher than under silent conditions. 

The primary origin of enhanced mass transport is thought to be acoustic streaming, 
which is the mechanical effect of cavitation realizing as a turbulent flow (above 10 m/s) 
induced by a US source near a surface. The effect of acoustic streaming, first reported 
by Moriguchi in 1934 [150], is based on decreased thickness of the Nernst diffusion layer. 
As can be seen in Fig. 8.13, the diffusion layer model provides a very simple explanation 
for mass transport at the electrode-liquid phase interface by assuming a laminar 
sub-layer close to the solid surface and an approximately linear concentration gradient 
across a thin layer adjacent to the electrode. The equation best describing transport to a 
sonicated electrode is based on the uniformly accessible electrode model: 



Figure 8.13. Scheme of the Nernst diffusion layer model at an electrode surface in the 
presence of US. (Reproduced with permission of Elsevier, Ref. [133].) 
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( 8 . 2 ) 


where the limiting current / Nm , is related to the number of transferred electrons n , the 
Faraday constant F, the diffusion coefficient D, the electrode area A, the concentration 
c bU | k , and the diffusion layer thickness 8. In those cases where the electrode is positioned 
opposite to the ultrasonic horn (a face-on configuration) in aqueous media, proportional¬ 
ity between / Hm and D 2,3 Ac bu \ k has been found [133]. Therefore, the diffusion layer thick¬ 
ness will be proportional to D 1/3 . This ratio is a general feature of convective systems (as is the 
case of hydrodynamic electrodes), which are characterized by a not completely rigid 
diffusion layer as suggested by the Nernst model [151,152]. Acoustic streaming, however, 
can have adverse effects due to faster passivation or surface contamination [136]. 

The distance between the probe tip and the electrode is a key variable here as it affects 
the diffusion layer thickness (see Fig. 8.14A). The diffusion layer thickness tends to 
approximately the same limit for two different ultrasonic intensities at short horn-electrode 
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Figure 8.14. (A) Variation of diffusion layer thickness as calculated from Eq. 8.2 with the 
probe tip-electrode separation for two different ultrasonic intensities. The solution was 
1 mM [Fe(CN) 6 ] 3 ~/0.1 mM KCI and the working electrode a 4-mm-diameter Pt disc. 
(B) Influence of the addition of 40% heptane in the electrolyte (aqueous 0.1 M KCI) on 
the limiting current of 1 mM N,N,N',N'-tetramethyl-p-phenylenediamine. (Reproduced 
with permission of Elsevier, Refs. [153,156].) 
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distances [153]. Therefore, the effect of ultrasonic intensity is less significant at short 
distances between the electrode and the ultrasonic horn. 

The effect of US frequency on mass transport is not very clear, so, medium-frequency 
values (20-100 kHz) are usually employed. According to Lorimer et al., US frequencies 
over the range 20-800 kHz have little or no influence on the limiting current [154]. 
However, the ultrasonic devices used by these authors (viz. two ultrasonic baths at 38 and 
800 kHz, and a probe at 20 kHz) do not allow one to assert that the limiting current is not 
affected by US in the range 20-800 kHz. Del Campo et al. [155] used high-frequency US 
(about 500 kHz) to assist electroanalytical techniques and detected some effects that 
were governed by processes considerably different from those involved at lower frequen¬ 
cies. Specifically, the mass transport model for high frequencies has been suggested to 
be based on microjetting and microstreaming. High frequencies, however, are impractical 
for portable use. 

Ultrasound in combination with an organic solvent facilitates the formation of binary 
systems with an aqueous electrolyte, thereby increasing the current intensity. Figure 8.14B 
shows this effect on the sono-voltammogram of A/,/V,A^A/Metramethyl-p-phenylenediamine 
(TMPD) in 0.1 M aqueous KCI with and without the addition of 40% v/v heptane [156]. 
The increased current in the acoustically emulsified media was ascribed to enhanced 
transport of electroactive material in heptane droplets towards the electrode surface, and 
related to the analyte solubility in the organic phase. The ratio of the current increase to 
the volume fraction of organic solvent (0) can be expressed as: 

L = L^o V + m (8.3) 

Finally, US-enhanced mass transport has also been found to influence the rate of 
metal deposition (e.g. that of cobalt on glassy carbon electrodes by cyclic and stripping 
voltammetry, and chronoamperometry [157]). 


Modification of process kinetics 

The fact that US influences the mechanism of chemical reactions via the action of highly 
reactive radicals such as OH* and H* formed during solvent sonolysis is well known (see 
Chapter 7). Solvents sensitive to thermolysis or sonolysis (e.g. dimethylformamide [158], 
dimethylsulphoxide [159]) decompose slowly in the presence of intense US. Thus, radical 
species formed by cavitation are highly reactive and may participate as activators or 
enhancers in the electrode process [160]. In fast, quasi- reversible or irreversible systems, 
however, the only effect of US is to enhance mass transport without any direct effect on 
the rate of simple electron transfer processes. 

The adsorption of species involved in an electrochemical reaction on an electrode is 
another type of process kinetically modified by US energy, as in the voltammetry of 
copper in alkaline solution using a copper electrode [161]. While the silent response was 
only slightly altered at pH 9 relative to pH 7, that assisted by US was significantly differ¬ 
ent. Thus, US greatly increased the rate of the anodic process in an alkaline solution, but 
produced inhibitory species at potentials above + 0.8 V (versus SCE) which deactivated 
the metal electrode. Removing such species by reversing the sweep to less anodic 
potentials reactivated the electrode and gave anodic currents during the reduction sweep. 
Similar results were obtained by using 20- and 38-kHz US during the electrochemical 
oxidation of thiosulphate in aqueous KCI, which increased the oxidation peak current 
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through enhanced mass transfer; however, it also shifted the oxidation peak potential 
anodically with increasing ultrasonic power [162]. Such a shift may have resulted from the 
formation of hydroxyl radicals, changes in electrode surface composition and complex 
adsorption phenomena. 

In addition to enhancing the mass transport of metals for deposition on electrodes, US 
has been found to affect the mechanism of cobalt deposition on glassy carbon electrodes 
from aqueous sulphate solutions, and also the morphological details of the surface 
deposits [157]. The effect observed was a significant increase in the deposition and 
growth rates of cobalt on the electrode, and a switch from a complex, irreversible mech¬ 
anism to a simple, reversible one. The ability to control the characteristics of the deposited 
layer via US application is similar to that of organic additives [163,164]. Similarly, sonica- 
tion during preconcentration in stripping techniques allows intermetallic compounds to be 
formed and better stripping responses being obtained as a result. This effect has been 
checked in the sono-anodic stripping voltammetry of Pb 2+ and Cu 2+ in aqueous solutions 
to which Hg 2+ was added in order to facilitate the formation of lead-copper amalgams in 
the preconcentration step [165]. 


8.4.2. Experimental devices used for ultrasound assistance to 
electroanalytical techniques 

Ultrasonic energy can be used in various ways to enhance the performance of an 
electrochemical cell. Most of the electrochemical cells used for this purpose have been devel¬ 
oped for sonovoltammetry, but can be modified for use in other electrochemical techniques. 
Bard in 1963 [166], and Klima et al. in 1994 [145], proposed electrochemical cells for 
coulometric and voltammetric studies, respectively, where the ultrasonic transducer was 
mounted at the bottom. The working electrode has also been used in the centre of the 
cavitation region generated in the cell electrolyte by a vertically arranged titanium-tipped 
horn probe [135,146]. The main problem with these cells is their large volume (150-200 ml), 
which is a major hindrance for bioelectrochemical studies or when expensive or scant 
samples or reagents are involved. Cells with small volumes and efficient coupling between 
ultrasonic energy and the electroanalytical process provide the best results. 

The simplest way to assist electrochemical techniques with US is by using a bath to 
immerse the electrochemical cell, as proposed by Lorimer et al. [154] (see Fig. 8.15A). 
These authors used a three-compartment thermostated voltammetric cell consisting of a 
platinum flag (the counter electrode), a saturated calomel electrode (the reference elec¬ 
trode) and a rotating disc (the working electrode). Although an ultrasonic bath affords less 
accurate control of US irradiation, it affords a tenfold current increase in sonovoltamme¬ 
try [167]. 

Ultrasonic probes have been more commonly coupled to electrochemical cells by 
virtue of the high amplitude they can provide. Various types of sonoelectrochemical cells 
using ultrasonic probes have been reported, especially interesting among which for ana¬ 
lytical purposes are the sonovoltammetric cells independently proposed by Compton et al. 
[168] and Brett and Matysik [126] in 1996. In both cases, the tip of the 20-kHz probe was 
immersed into the cell at a fixed distance from the working electrode with special care in 
order to operate under controlled potential conditions (see Fig. 8.15B). Electrical isolation 
of the irradiating zone from the solution (for example, by the combined use of a PTFE 
spacer and connecting screw [142]) is of crucial importance, even though it decreases the 
irradiation amplitude, which is undesirable for some applications. The alternative for some 
techniques (sonovoltammetry, mainly) is bipotentiostatic control (particularly in high-frequency 
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Figure 8 . 15 . Thermostated electrochemical cells employed for sonovoltammetry. 
(A) With an ultrasonic bath. (B) With an ultrasonic probe (Reproduced with permission of 
Elsevier, Refs. [133,154], respectively.) 
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US applications, where the ultrasonic field can induce potential oscillations [169]). 
Somewhat less common is the use of split cell arrangements where a glass separator 
[145] or a polymer coating [170] is used to separate the compartments in which the 
ultrasonic tip and the electrodes are immersed. 

Another variable in sonoelectrochemical cells is the relative position of the ultrasonic 
tip and working electrode, which can be arranged in various ways, namely (see Fig. 8.16 
[133]): (a) face-on, where the working electrode is opposite to the ultrasonic tip; and (b) 
side-on, where the electrode surface is normal to the ultrasonic tip. The former generates 
a very high mass flow depending on the electrode-to-tip distance, amplitude of the ultra¬ 
sonic transducer and electrode area in the case of microelectrodes [171]. This configura¬ 
tion was used by Brett and Matysik for sonovoltammetry [126], the noise produced by US 
being minimized by accumulating and averaging sonovoltammetric sweeps. Variable 
tip-electrode angles provided a 50% increase in limiting current at a 45° angle with 
respect to the face-on configuration [172]. 

The flow generated by US application in the side-on position is similar to that observed 
at a channel electrode with the mass transport of electroactive material similar to that of 
a convective flow over a stationary plate. This geometry provides well-defined sono¬ 
voltammetric signals for quantitative purposes. The speed of the flow passing over the 
electrode has been measured to be between 50 and 170 cm/s [173,174]. 

Another possibility is adapting the titanium tip of the US transducer (Fig. 8.16C) for use 
as a working electrode (a “sonotrode”). The simplest case is the use of the titanium tip itself 
as electrode [175]; however, anodic currents are not possible owing to the formation of a 
Ti0 2 layer [176]. More recently, sonotrodes have been prepared by directly embedding a 
platinum electrode into the horn tip; this provides extremely high limiting currents for 
diffusion layer thicknesses of less than 1 pm, even at low US intensities [133]. The operation 
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Figure 8.16. Ultrasonic tip-working electrode positions employed in sono- 
electroanalytical cells. (Reproduced with permission of Elsevier, Ref. [133].) 
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with sonotrodes is similar to the face-on position [140]; however, the ultrasonic amplitude 
must be controlled in order not to damage the electrode. Compton et al. compared both types 
of sonotrodes and concluded that the sonotrode with the platinum layer enhanced mass 
transport to a greater extent [176]. In addition, platinum sonotrodes can be mercury plated 
in order to extend the cathodic electrochemical window in aqueous solutions, and also to 
form a metallic amalgam in a plating step with a view to increase the sensitivity in anodic 
stripping voltammetry. Table 8.2 compares the efficiency of the different tip-electrode 
positions through the results of Compton et al. [174]. 

A special experimental technique operating at low temperatures (-70 to -35°C) known 
as “cryosonoelectrochemistry” was developed by Del Campo et al. [177]. The platinum 
disc electrode-US horn (20 kHz), in a face-on position, was immersed in liquid ammonia, 
which has proved an effective solvent for chemical and electrochemical processes 
at low temperatures and under mild conditions. Measurements must be made under dry 
conditions in an inert atmosphere. 


8.4.3. Applications of ultrasound-assisted electroanalytical techniques 

Ultrasound is currently regarded as a valuable tool for developing new electroanalytical 
methods and innovative chemically modified electrodes. Ultrasound can be applied to an 
electroanalytical cell either as a pretreatment or during the electrode process. This type 
of energy has proved efficient for pretreating electrodes; the interest on this type of 
application, however, is somewhat limited. One example is the determination of insulin 
by amperometric detection using glassy carbon electrodes that were pre-activated by 
sonication for 30 s in methanol and deionized water [178]. 

The use of US during the electrode process has focused on voltammetry for the 
determination of inorganic species in different types of samples, where the sensitivity 
of silent classical voltammetric techniques is normally decreased by electrode fouling. 
Typical applications of anodic stripping sonovoltammetry include the determination of 
lead and cadmium in aqueous solutions [179], copper and lead in fish gill mucosa 
[180], copper in beer [181], lead in wine [153] and copper in blood [182]. On the other 
hand, cathodic stripping sonovoltammetry has been applied to the determination of 
manganese in sea water [183] or instant tea [184] and nickel in industrial samples 
[185]; adsorptive stripping sonovoltammetry has been used for the determination of 
vanadium and nickel in aqueous media [186]; and linear sweep sonovoltammetry for 
that of nitrite in eggs [187]. Virtually all these applications involved using a 20-kHz 
ultrasonic probe and an optimized ultrasonic intensity that increased with increasing 
complexity of the sample matrix. It should be noted that total contents (including ions 
bound to complex organic matrices) were determined without the need for any sample 
treatment. The results provided by these US-assisted methods have been frequently 
compared with those obtained with atomic techniques such as AAS and ICP-MS and 
found to be highly consistent; however, sonoelectroanalysis involved lower costs and 
shorter analysis times. 

The methods for organic analytes are less common. Thus, sonovoltammetry has been 
used to determine dopamine in egg homogenate [142]; riboflavine [186] and guanine and 
guanosine in aqueous solutions [188]; and ascorbic acid in commercial fruit drinks [189]. 
The few existing examples testify to the limited applicability of sonovoltammetry to organic 
analytes. 

Electroanalysis in biphasic systems is a scarcely explored area owing to the difficulty 
of producing and maintaining an emulsion without the electrochemical process being 



Table 8.2. Comparison between tip-electrode positions from results obtained by Compton et al. 


Property 

Face-on geometry 

Side-on geometry 

Ti-sonotrode 

Pt-sonotrode 

Position of the electrode 

Opposite to the tip 

Perpendicular to 
the tip 

The tip is the working 
electrode 

The tip is the working 
electrode 

Shape of the electrode 

Disc 

Square 

Same shape as the tip 

Disc or square 

Range of electrode 
sizes 

Flexibility (macro and 
microdimensions) 

Limited to 
macrodimensions 

Limited by the size of the tip 

Limited by the size of the tip 

Range of ultrasonic 
intensities 

0-70 W/cm 2 

0-70 W/cm 2 

0-70 W/cm 2 

Limited as the Pt 
electrode can be 
ejected even 
with a strong 
cement 

Quality of the 
voltammetry 
on sonication 

Good sigmoidal¬ 
shaped 

voltammograms 

Good sigmoidal¬ 
shaped 

voltammograms 

Poor sigmoidal- 
voltammograms 
due to the Ti0 2 layer 
formed on the electrode 

Good voltammetry 
using the 

Pt insert 


Reproduced with permission of Elsevier, Ref. [174], 
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altered by emulsifiers and stabilizers. The use of US to form emulsions ensures continu¬ 
ous contact of the sample with the electrode surface during the electrochemical process 
irrespective of the densities of their components. Two methods based on biphasic sono- 
voltammetry for lead in petrol (sonication at 20 kHz, 200 W/cm 2 ) [190] and vanillin in food 
flavouring solubilized in ethyl acetoacetate (sonication at 20 kHz, 52 W/cm 2 ) [191] have 
been reported in which ultrasonic energy was applied to the sample-aqueous electrolyte 
system in order to form the emulsion, transfer the analytes from the sample droplets to 
the aqueous electrolyte and effect the electrode process. 

Indirect sonovoltammetry has enabled the determination of some species by their 
effect on electrochemically initiated reactions. For instance, Cu(ll) can be determined by 
inhibiting the electrochemical reaction between A/,A/-diethyl-p-phenylenediamine and 
homocysteine through complexation of the latter [192]. 

Sonovoltammetry has also been combined with other steps of the analytical process 
(e.g. in US-assisted liquid-liquid extraction or digestion). Thus, US was found to aid 
copper extraction from blood (sample volume 100 pi) into an organic phase containing 
A/-benzoyl-A/-phenyl-hydroxylamine as ligand, from which it was then back-extracted into 
a fresh clean aqueous phase prior to analytical determination by sonovoltammetry [193]. 
Sediments were digested with a 4:1 nitric-perchloric acid mixture with US assistance for 
the subsequent determination of lead by sonovoltammetry with results similar to those of 
classical digestion combined with ICP-MS, but with significant time savings [194]. 

When steady currents cannot be obtained by sonovoltammetry, the use of Discrete 
Fourier Transform (DFT) analysis of chronoamperometric currents obtained under US 
assistance constitutes an effective alternative. Acquiring current signals at a high 
sampling rate (10 MHz) and processing by DFT allows one to determine analyte concen¬ 
trations at specific frequencies by reducing the deviation in limiting currents. However, this 
technique is still at an initial state of development as it has only been applied to the model 
system [Fe(CN) 6 ] 3 “/[Fe(CN) 6 ] 4 “ [195]. Wavelet transform in pulsed ultrasonic modulation 
voltammetry is also at an incipient stage [196]. The current components corresponding to 
pulse-on and pulse-off can be recorded separately without an external data acquisition 
system. The difference between the two states has been found to be proportional to the 
concentration of the electroactive species. 

Finally, US has been used for the characterization of new electrodes in electroanalyt- 
ical experiments [197-200], and also for the preparation of new electrodes exploiting the 
enhancement of mass transport provided by US [201]. 
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CHAPTER 9 

Ultrasound-Based Detection Techniques 


9.1. INTRODUCTION 

Most of the analytical methods for the characterization and analysis of liquids, solids, gases, 
suspensions, sample surfaces, coatings, etc., that have been developed over the past few 
decades are based on measurements of waves propagating through the test sample. For a 
long time, electromagnetic waves have prevailed in the field of analytical instrumentation, with 
well-established techniques such as those based on optical measurements in the ultraviolet, 
visible and infrared regions, fluorescence, circular dichroism, light scattering, nuclear mag¬ 
netic resonance or electron microscopy, among others. Other types of waves that can prop¬ 
agate through materials are those caused by mechanical deformations. Ultrasonic 
techniques rely on measurements of low-intensity waves or mechanical deformations at fre¬ 
quencies higher than 50 kHz (mostly in the megahertz region, but also in the gigahertz 
region). The relationships between the properties of a material and its ultrasonic character¬ 
istics have been extensively studied and ultrasonic techniques used in non-destructive test¬ 
ing and imaging applications for decades. Ultrasound as an analytical tool has revolutionized 
medical diagnostics with powerful recent applications such as 3D and 4D imaging, distant 
palpitation or image enhancement with contrast agents; by contrast, the application of US to 
material analysis has been held back by problems with ultrasonic design, electronics and size 
of sample handled, complicated measuring procedures and inadequate resolution. 

Analytical chemists have been reluctant to use ultrasound-based detection techniques, 
which have been widely employed in other research fields — particularly in physical 
chemistry, where they have enabled complex theoretical developments with which the 
analytical chemist is usually unfamiliar. Ultrasound-based detection can be a useful tool 
for analytical chemists provided they acquire the required basic knowledge about it. This 
chapter summarizes such basic knowledge for both potential and incipient users of batch 
[1-3] and continuous approaches [4-6] to leading the samples to a US detector. 

The literature on US-based detection uses the words “method”, “technique” and “mea¬ 
surement” indiscriminately; also the word “spectrum” is used to designate a plot where the 
x axis does not represent wavelength or frequency, and even more general concepts such as 
“hydrodynamic” instead of “dynamic” when the target system is non-aqueous or the indiffer¬ 
ent use of “interphase” and “interface”. This warrants some preliminary clarification and 
making the terminology uniform. In this respect a parallel can be established between molec¬ 
ular UV-visible spectroscopic techniques (most common in analytical laboratories) as a 
whole and US spectroscopic techniques, the latter of which share the feature that they use 
the spectral zone beyond the sound wavelength (commonly expressed as a frequency). 
In the former group, individual techniques are distinguished by the instrumental quantity or 
datum representing the phenomenon they measure (namely, absorbance, fluorescence 
emission and phosphorescence emission, which have given rise to absorptiometry, fluorime- 
try and phosphorimetry, respectively); these are generally used when fixed-wavelength mea¬ 
surements are made, the name of the phenomenon preceding the word “spectrometry” 
if measurements span a range of wavelengths. Ultrasound-based detection techniques can 
be further classified according to whether they are based on, (a) “primary responses”, that is, 
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on measurements of quantities or data that change as US travels through the test material 
(e.g. the velocity in ultrasonic velocity spectroscopy, attenuation in ultrasonic attenuation 
spectroscopy or impedance in ultrasonic impedance spectroscopy); (b) measurements of a 
component of a more general phenomenon (e.g. absorption, scattering or even diffraction, in 
the case of attenuation); (c) measurements made under specific conditions such as reso¬ 
nance, interference, diffraction; (d) others based on the time of degradation of the absorbed 
energy into heat. The responses for types (b)-(d) can be deemed “modified” or “secondary” 
responses, and have given rise to techniques the names of which specify the particular 
measurement conditions (e.g. resonance US spectrometry). In addition, when some special 
device is used or typical measurements are provided (e.g. images in the case of acoustic 
microscopy), the approach is also deemed a technique even though the US parameter 
modified by the presence of a given frequency and material (the sample) falls in the 
category of primary responses (e.g. velocity, attenuation). 

The scheme in Fig. 9.1 is intended to introduce analytical chemists into the world of 
US-based detection. It specifies the steps involved in detection and the possibilities in each 
case, namely: ultrasound generation and detection, which summarizes the most common 
principles behind transducers; type of radiation produced as a function of the radiation 
frequency (/), application time (t) and the path (x) the radiation follows to reach the sample; 
types of waves according to angle of incidence (or special waves resulting from the 
phonon-photon interactions); response of the sample to the US force, which is related to 
the nature of the sample and gives rise to different techniques based on a direct, primary 
response such as velocity or attenuation, a component of the overall primary response 
(absorption, scattering, diffraction) or special conditions such as resonance. The sections in 
this chapter follow the sequence as the steps of US-based detection. Thus, a brief descrip¬ 
tion of the most common types of devices for generating and detecting US over appropriate 
ranges is followed by description of the time and the way US radiation is used. Then, the ways 
in which US radiation can interact with a sample and produce different types of waves, which 
in turn provide different types of information, are examined. The types of responses — and 
hence measurements — behind the different ultrasonic techniques, and the basic theoreti¬ 
cal principles on which they rely are discussed next. Finally, the most salient US-based 
detection techniques are discussed and an overview of commercial and laboratory-made 
instruments is provided. Note that the development of these techniques has produced a 
number of specialized books, so only a very brief discussion of each is provided in this 
chapter. Some recent developments are commented on and recent references included to 
illustrate the continuous growth of research in this field. 

Analytical chemists are encouraged to find ways to apply the continuous advances in 
US-based detection reported in the medical literature (mainly ultrasonic imaging and 
signal processing [7]) in pure analytical chemistry. 


9.2. ULTRASOUND GENERATION AND DETECTION 

IN ULTRASOUND-BASED DETECTION TECHNIQUES 

The ultrasound intensity employed in US-based detection is so low (typically <1 W/cm 2 ) 
that it causes no physical or chemical alteration of the properties of the material through 
which the wave propagates; the amplitude of deformations is therefore extremely small, 
so ultrasonic spectroscopic techniques can be deemed non-destructive. 

Unlike light waves, ultrasonic waves can propagate through opaque samples — in fact 
through most types of materials. Another advantage of ultrasonic waves is that their 
wavelength is fairly easy to change; unlike optical techniques, where waves originate from 
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Figure 9.1 . Steps in US-based detection techniques and related aspects. 


a light source and therefore require special effort to ensure an adequate spectral purity, 
ultrasonic waves are synthesized electronically so a typical ultrasonic spectrometer can 
operate over a broad range of wavelengths spanning one, two or even more orders of 
magnitude; the process can be described as probing the inside of the analysed sample 
with a set of fingers differing in size by more than one order of magnitude. 

Most types of ultrasonic measurements can be made with the general experimental set¬ 
up depicted in Fig. 9.2. A generator produces an electrical or light signal of appropriate fre¬ 
quency, duration and amplitude. The signal is applied to an ultrasonic transducer which 
converts it into pressure oscillations — the ultrasonic wave — which propagate through the 
sample, held in a suitable measurement cell. After passing through the sample, the ultra¬ 
sonic signal is detected by the same or a different ultrasonic transducer and converted 
back into an electrical signal which is digitized by an analogue-to-digital converter and 
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Figure 9.2. General scheme of US-based measurements. 


displayed on the screen of an oscilloscope or personal computer for analysis of the ultra¬ 
sonic properties of the sample. The precise details of the analysis depend on the specific 
ultrasonic parameter measured. 

As can be seen in Fig. 9.1, there are three main types of US transducers, namely: 
piezoelectric, electromagnetic and optical. Depending on the extent of contact between 
the sample and the transducer these devices can be classified into high contact, two-point 
contact, one-point contact and contactless transducers. Sample-transducer contact can 
also be established via a couplant solution. The couplant solution should be stable 
enough to ensure highly reproducible measurements. In addition, when the couplant is 
water in contact with air, the solution volume decreases with time — particularly when the 
US beam is highly focused, as in acoustic microscopy. 


9.2.1. Piezoelectric ultrasound generators and detectors 

The most commonly employed US transducers are thin platelets of piezoelectric (mainly 
ceramic) materials with metallic electrodes on both surfaces (see Section 1.4). Such trans¬ 
ducers have resonance frequencies determined by the interference of the ultrasonic 
signals created at both surfaces and internal reflections. The interferences cause distortions 
(broadening) in the echo pattern in pulse-echo measurements. The resonances also intro¬ 
duce phase shifts in the signals and lead to restrictions in the bandwidth. The frequency 
range can be expanded by using concave, cylindrical or spherical piezotransducers. 

The advent of piezoelectric transducers other than ceramic ones significantly boosted 
advances in medical US applications. Thus, ultrasound probes made of PVDF polymer 
have provided evidence that acoustic waves propagating through tissues undergo non¬ 
linear distortion and its associated generation of harmonics. Before PVDF material 
became available, the solid piezoelectric ceramic probes occasionally used to probe the 
field featured too narrow bandwidths and dynamic ranges to faithfully reproduce non¬ 
linear waveforms. The arrival of piezoelectric composite transducers, together with the 
use of spherical gas voids or microbubbles as contrast agents, greatly improved image 
quality. The conclusion that the harmonics of the bubble resonance frequency provided 
optimum image enhancement prompted the development of imaging transducers capa¬ 
ble of operating at both fundamental and harmonic frequencies. 

Piezoelectric transducers can be of the high contact, two- or one- point contact types. The 
contact force between the sample and the transducer has been found to affect resonance 
spectra. Thus, resonant peaks increase with decreasing contact force; also, the resonant 
frequency is dependent on the contact force [8]. Electrical and mechanical cross-talk between 
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two transducers can be avoided and the force applied to the sample controlled by using 
various transducer configurations [9,10]. The simplest configuration, which was designed by 
Ledbetter et al. [11], can be used to measure frequencies in the 10 kHz to 5 MHz range. Two 
“pinducers” [12] are held axially aligned on an aluminium block by means of four rubber 
“O” rings, which avoids acoustic cross-talk at room temperature. By replacing the rubber 
“O” rings with Teflon sleeves, this configuration can be used down to cryogenic temperatures. 
The Curie temperature of the piezoelectric transducers and the stability of polymeric bonds 
restrict the highest temperature at which these configurations can be used. Using small 
lithium niobate transducers held by thin metallic membranes allows working at up to 750 K 
[13]; also using alumina buffer rods to separate the transducers from the hot sample allows 
the usable temperature range to be expanded up to 1820 K [14]. 

For measuring elastic moduli of millimetric samples, a 30-MHz LiNb0 3 transducer disc 
1.5 mm in diameter has torsional resonances beginning below 200 kHz and many other 
resonances between this and the first compressional mode at 30 MHz; this makes it useless 
for some US techniques such as resonance ultrasound spectroscopy (RUS). However, by 
making a metallic diffusion bond to a single-crystal diamond disc 1.5 mm in diameter and 
1 mm thick, a structure is produced with negligible damping to minimize noise, a lowest 
resonance of about 4.3 MHz and the ability to operate from below 1 K to above 1000 K. 
Ordinary epoxy bonds can also be used for this purpose; by restricting the maximum temper¬ 
ature to about 350 K and using a pair of similar (1.5-mm diameter) transducers attached 
to thin supporting diaphragms of polymer film, the resonances of a 1-mm rectangular paral¬ 
lelepiped sample can be measured by making contact with diagonally opposite corners with¬ 
out using any coupling fluids. Such point contact preserves the free-surface boundary 
conditions to less than 1 part in 10 5 if the contact force is below 1 g. Using drive levels of less 
than 1 V and electronics such as the previous one allows signal-to-noise ratios (SNR) better 
than 30 dB to be easily achieved. 

In order to minimize the problem faced in separating the specimen response from the 
as-measured spectra of a resonator by minimizing sample-transducer contact, a one- 
point contact design was developed by replacing the receiving transducer with an optical 
interferometer and measuring elastic wave speeds in a 1-mm diameter ceramic ball [15]. 

The new generation of silicon technology imaging transducers combined with ongoing 
electronic miniaturization and the availability of extremely fast and powerful portable 
laptop computers will lead to the development of portable or even wearable high-resolution 
scanners affording wireless data transfer. This technology will help to make communica¬ 
tion with remote locations and advanced medical applications more affordable. 


9.2.2. Electromagnetic ultrasound generators and detectors 

The resonant spectrum of a specimen can be acquired without physical contact between 
the sample and transducers. The instruments designed for this purpose facilitate the char¬ 
acterization of samples that must be kept in controlled atmospheres. Non-contact US 
measurements can rely on magnetic coupling, which can be accomplished by coating the 
sample with a thin film of a magnetostrictive material (e.g. nickel) or exciting eddy currents 
in the presence of a constant magnetic field; this is the basis for the two main types of 
electromagnetic US transducers, namely: magnetostrictive and electromagnetic. 

Magnetostriction is the dimensional change (strain) which accompanies the domain 
movement and rotation of magnetization. When the magnetic field vibrates so does mag¬ 
netostriction, and as a result ultrasonic waves are produced. A magnetostrictive trans¬ 
ducer (MART) is a transducer in a non-contact US instrument where the coated sample 
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is placed inside two coaxial solenoids (S 1 and S 2 ) that act as a driving and receiving trans¬ 
ducer, respectively (Fig. 9.3A). An AC voltage of amplitude V and frequency co is applied 
to the excitation coil S 1 to generate a sinusoidal magnetic field H(cot) at the sample. The 
magnetostrictive field responds to the applied field by generating a periodic stress which 
drives the sample into one of its mechanical resonances, — in the case of RUS — which 
are detected by solenoid S 2 . The detection solenoid S 2 consists of two identical coils 
wound clockwise and counter-clockwise; this reduces direct magnetic coupling between 
Si and S 2 . The resonances are detected because the permeability of the magnetostric¬ 
tive film decreases when the sample approaches a resonant frequency and the magne¬ 
tostrictive film changes from a strain-free state (away from the resonance) to a stress-free 
state (at resonance). These instruments afford RUS measurements between cryogenic 
temperatures and approximately 1000 K. The Curie temperature of the magnetostrictive 
material determines the upper temperature limit. 


* ©©©©©©©©©©© 
©©©©©©©©©© 
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Figure 9.3. Operation of non-contact transducer performance. (A) Magnetostrictive 
and (B) electromagnetic type, (a) The sample, wrapped in a solenoid, is placed inside a 
magnetic field, (b) Lorentz forces generated on the sample surface. DMF — direction of 
the magnetic field and S — solenoid. (Reproduced with permission of Elsevier, Ref. [16].) 
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An electromagnetic-acoustic transducer (EMAT) is composed of electromagnets and 
operates simultaneously as a transmitter and receiver. Its design depends on the particu¬ 
lar object geometry, the elastic wave mode used and whether the metal is ferrous or 
non-ferrous. In an EMAT non-contact RUS instrument, for example, the conductive 
sample is placed inside a permanent magnetic field of H 0 ~ 1500 Oe (see Fig. 9.3B) and 
the sample is wrapped in a solenoid. Bursts of AC current at frequency co are sent to the 
solenoid and induce AC currents of frequency co in the sample surface. The AC current 
interacts with the field H 0 to generate alternating Lorentz forces near the sample surface. 
Mechanical resonances are excited at appropriate co values. The same solenoid is used 
to detect the resonances by measuring the induced signal during the time intervals in 
between successive excitation current bursts. In addition, the temporal decay of the signal 
is a measure of internal losses in the sample. “Trapped” torsional resonant modes in 
aluminium bars have been used to develop high-resolution load transducers [16,17]. 

It should be noted that many of the former studies on US-based detection were 
carried out by using piezoelectric transducers in contact with the sample [18,19]. Some, 
however, used non-contact electromagnetic transducers [20] and eddy current testing 
[21]. The greatest restrictions of the latter are that they require an electrically conductive 
sample and highly precise positioning of the transducer near the sample. 


9.2.3. Optical ultrasound generators and detectors 

Laser-ultrasound-based generators 

Ultrasonic-laser instruments can use short-pulse lasers (a few nanoseconds long) to 
generate ultrasound and long-pulse (tens of microseconds long) or continuous lasers, 
coupled to an optical interferometer for the detection of US (i.e. the corresponding 
mechanical displacements) [22]. 

A laser source can be used in two ways to generate US, namely: (1) directly on the 
sample to obtain acoustic waves optically generated in the sample by thermoelastic or abla¬ 
tive stresses; or (2) by impingement of the light on, for example, an optical parametric oscil¬ 
lator (e.g. a high-pressure polyethylene film), which will deliver the US energy to the sample 
at the repetition rate of the laser source. The mode and frequency content of the acoustic 
waves generated in either case depend primarily on the temporal frequency content of the 
laser light and the spatial distribution of the light on the material (sample) surface. High opti¬ 
cal powers afford relatively high acoustic amplitudes; however, they can easily damage most 
types of materials through ablation or melting. Surface damage need not be important in 
many experiments — in some cases, surface effects can even be beneficial. 

The fact that laser-ultrasonics relies on light beams for US transduction provides a 
practical solution for remote testing at large distances, inspection of fast-moving parts on 
production lines and inspection in hostile environments [23,24]. The use of fibre optics to 
guide the laser light provides enormous flexibility for achieving virtually any desired con¬ 
figuration on the sample surface; also, it allows the generation of time delays for properly 
phasing the heating taking place on the sample surface, thereby creating an array effect 
that improves the SNR of the laser-generated wave in a particular direction. This, together 
with the use of appropriate lenses, enables spatial and temporal control of the laser light 
and hence of the US generated. On the other hand, light filters allow the energy to be 
manipulated over wide ranges (e.g. from 260 to 20 mJ [25]). The array effect can also be 
accomplished by using a transmission grating. 
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Unfortunately, laser-ultrasonics is inadequately sensitive for some material and 
process combinations. Averaging signals compensates for this lack of sensitivity at the 
expenses of increased inspection times and decreased savings. 

The pulse duration and optical penetration depth play very prominent roles in laser- 
ultrasonics generation. For example, changing the generation wavelength from 10.6 pm 
to the 3-4 pm range can significantly raise the generation efficiency (for some type of 
samples such as painted materials, a 0.1-pm change in the source wavelength — from 
3.4 to 3.3 pm — increases the amplitude of the generated US echo more than five times 
[26]). An increase in the amplitude of the generated ultrasonic waves increases the sen¬ 
sitivity. Also, measurements can be made more precise by dividing US amplitudes into the 
pulse energy produced to offset the variation of the output energy as a function of wave¬ 
length. The optical penetration depth can be increased by using an appropriate US 
frequency which, however, may also lead to thermal damage of the sample. 


Laser-ultrasound-based detectors 

The detectors commonly used in laser ultrasonics include various types of interferometers, 
which are sensitive to the displacement or velocity of the surface, and of knife-edge (e.g. 
photoelectromotive force receivers) detectors, which are sensitive to the tilt of the sample 
surface [27]. 

Acoustic aberrations can pose serious problems in many areas of ultrasonics as they 
result in significant signal losses and acoustic speckle. The effects are especially signifi¬ 
cant at high frequencies and in inhomogeneous materials such as polycrystalline metals. 
They often restrict the upper frequency range of techniques before the intrinsic absorp¬ 
tion of the material does [28], although this can be offset by using adaptive approaches. 

Worthy of special mention is the use of laser for phonon detection, as in Brillouin 
spectroscopy, which is especially suitable for detecting surface acoustic waves (SAWs). 
Generalized SAWs can be used to obtain Brillouin spectra with a 5-pass Fabry-Perot 
interferometer [29]; on the other hand, pseudo-SA\Ns , which are weaker than the 
previous ones, require a tandem (3 + 3)-pass Fabry-Perot interferometer system [30]. 


9.3. WAYS OF USING ULTRASOUND IN ULTRASOUND-BASED 
DETECTION TECHNIQUES 

In dealing with the ways ultrasound can be used for detection purposes (Fig. 9.1), one 
must consider the specific range of US frequencies to be used, the time US is to be 
applied to the sample and the potential focusing of the US in its way to the sample. 

Concerning frequency, the two most common ways of interrogating a sample by US 
are to apply a discrete US frequency or a broad-band pulse. There are single and dual 
transducer versions for both modes. Discrete US frequencies use a tone-burst, the dura¬ 
tion of which is made long enough to obtain a central frequency that is well defined, but 
short enough to avoid interference from multiple reflections within the sample. 

In relation to application duration, most ultrasonic instruments utilize either pulsed (tone- 
burst or broad-band pulses) or continuous-wave US (Fig. 9.4). Ultrasound pulses are by far 
the most widely used choice as pulses are easily applied, measurements are rapid and 
non-invasive, and the ultrasound device can be readily automated. Continuous-wave 
techniques have been traditionally used for highly accurate measurements in specialized 
research laboratories. 
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In pulse-echo-based techniques, the time of flight in a sample cannot be determined 
simply from the observation of the time span between adjacent echoes in the echo pat¬ 
tern if plane parallel transducers operated at resonant frequencies are employed. 
Transducers introduce substantial errors if the velocity is derived from such measure¬ 
ments, especially if relatively short samples are used. Various correction approaches 
have so far been developed in order to consider the influence of resonant transducers and 
the effects of diffraction [31-33]. The need for corrections can be avoided and a broad 
operational bandwidth obtained by using short pulses of duration equal to or shorter than 
the transduction [34]; this requires a time resolution better than the transit time in the 
transducer. This short-pulse excitation (e.g. the maximum for a 10-MHz transducer is 
50 ns) requires a high-power wide-band ultra-linear amplifier to ensure the detection of 
US signals with sufficient resolution under non-resonant conditions. 

Broad-band ultrasonic laser spectroscopy can also rely on the production of short 
acoustic pulses during absorption of laser emission in optophone, irradiation of the 
sample surface and recording of ultrasonic disturbances passing through the sample at a 
high temporal resolution. A comparison of complex spectra of the probing acoustic pulse 
and the signal transmitted through the sample makes it possible to determine, for exam¬ 
ple, the attenuation spectrum. 

Focusing the acoustic waves onto the detection point increases the detection signal by 
combining all the generated amplitude into a small area or volume. This is most easily 
done by shaping the generating light into an arc. 


9.4. SAMPLE-ULTRASOUND INTERACTION 

IN ULTRASOUND-BASED DETECTION TECHNIQUES 

The interaction between samples and US generators depends on the way the US wave 
impinges on the sample and the presence or absence of contact between the two. The influ¬ 
ence of the latter factor is discussed in Section 9.2, devoted to transducers. This section 
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Figure 9.4. Different types of input signal used in ultrasonic detectors to excite the 
ultrasonic transducer in order to generate an ultrasonic wave propagation into a sample. 
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examines the types of wave formed depending on the particular impingement angle 
(see Fig. 9.1). The interaction of phonons and photons in techniques such as Brillouin 
scattering spectroscopy is discussed in Section 9.6. 


9.4.1. Sample-ultrasound interaction 

Before the ways in which US can be applied to a sample in order to obtain a response in 
the form of a signal are described, the concept of standing wave introduced in Chapter 1 
warrants some additional explanation. In this respect, Fig. 9.5 can help understand the 
nature of these waves. Consider a vibrating string that is fixed on both ends, so its only 
stable vibrations will be those with “nodes” at its ends. Such a wave state is called a 
“standing wave”. If a series of snapshots are taken of a string vibrating in a particular 
standing wave, it may look like Fig. 9.5A; thus, at times 0.5 and 1.5 the vibration ampli¬ 
tude is zero everywhere, and at time 2 the vibration begins to repeat. The set of situations 
in Fig. 9.5A can be represented in a single graph such as that of Fig. 9.5B: the positions 
where the string does not move are called “nodes”, and those where the vibration ampli¬ 
tude is maximal are called “antinodes”. At positions other than the nodes, the string oscil¬ 
lates at a frequency f that is a function of the wavelength A through the travelling velocity, 
c. If the string is fixed on one end and free on the other — say left and right end, respec¬ 
tively — ideally without frictions, the standing waves formed will have a node on the left 
and an antinode on the right. The reason why standing waves occur is that, when a sine 
wave travelling, say, to the right, strikes the fixed end of the string, it is reflected back to 
the left. In the course of the reflection, the amplitude is reversed. The standing wave is 
actually the interference pattern between the incident and reflected waves. 


time = 0.00 



time = 0.25 


time = 0.50 


time = 0.75 


time = 1.00 



time = 1.25 


time = 1.50 


time = 1.75 


B 



Figure 9.5. Production of a standing wave. (A) Individual steps and (B) overall phenomenon. 
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Ultrasonic waves can be produced in a number of different forms (e.g. as compressional 
waves, shear waves or surface waves) by applying a sinusoidal force F(t) to the surface of 
a material. Compressional waves are most frequently used for ultrasonic non-destructive 
evaluation; shear waves and surface waves are also fit for this purpose in some cases [35]. 
If the force F(t) is applied normal to the surface, a compression wave is generated; if it is 
applied parallel to it, a shear wave is produced. The force can also be applied along the sur¬ 
face (SAWs) or at a given angle to the surface (oblique waves). The amplitude of the applied 
pulse dictates whether the distortion caused in the material is linear or non-linear, and also 
the type of wave produced; thus, variable pulse amplitude causes non-linear distortion 
because the speed of sound in a liquid is pressure amplitude-dependent. Interactions 
between photons and phonons give rise to other types of waves (Rayleigh, Brillouin) and 
can be used to derive information about the interaction of US with the test specimen by 
examining changes in the light waves. 

SAWs can be of the generalized (GSAW) or pseudo-SA\N (PSAW) types. The latter, 
also referred to as “leaky” waves, are characterized by the facts that energy radiates into 
the bulk of the medium and that they experience little attenuation and are thus experimen¬ 
tally observable. This type of wave is especially amenable to analysis by Brillouin scatter¬ 
ing spectroscopy. 

SAWs have been extensively used as one of the leading candidates for non-destructive 
characterization of surface materials on account of their ability to probe material properties 
at different penetration depths depending on the inspection frequency. The SAW velocity 
has for long been the target parameter for techniques such as acoustic microscopy and 
Brillouin scattering spectroscopy. Presently, SAWs dispersion is also used for surface char¬ 
acterization with relative errors in the region of 0.1 %; this has been facilitated by the ability to 
separate the contribution of surface roughness, which is unaffected by thermo-mechanical 
relaxation, from those of near-surface material variations (e.g. the primary residual stress 
effect and secondary cold work effects such as those of anisotropic texture and an 
increased dislocation density), all of which significantly decay during relaxation. 

Ultrasonic Rayleigh surface waves are produced when an ultrasonic broad-band beam 
impinges obliquely on the surface of a specimen immersed in water. A pulse-echo response 
is produced at the liquid-solid boundary by the effect of the phenomenon called “ultrasonic 
backscattering of propagating Rayleigh surface waves”. This type of waves become disper¬ 
sive in the presence of a gradient in physical properties in the subsurface region, so the 
ultrasonic backward radiation is closely related to the properties of the subsurface region. 


9.4.2. Contact and non-contact sample-ultrasound interaction as a function 
of the type of ultrasonic wave 

Those techniques that use contact sample-US interaction suffer from couplant perturba¬ 
tion or are restricted by the transducer dimensions. Although Brillouin scattering is a non- 
contact interaction, it requires a high-quality sample surface and usually features rather 
poor SNRs by the effect of low proportion of Brillouin-scattered photons resulting in 
extremely long measurement times. Exploring the transient SAW pulse generated by a 
short laser pulse has been found to allow the phase velocity to be accurately determined 
[36,37]; however, obtaining high temporal resolution requires using high-energy laser 
pulses, which can damage the sample. In addition, the sensitivity is relatively low because 
the ensuing SAWs are broad-band signals. The phase velocity and angular dispersion of 
both surface and pseudo -surface waves can be measured with a precision of 0.2% by 
using an optical grating produced by an electronically addressable spatial light modulator 
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(SLM) imaged onto the sample surface in order to generate SAWs, the frequency and 
wavefront of which are controlled by the SLM. When the grating period matches the 
surface acoustic wavelength, the surface wave is strongly excited, so the wavelength, 
and hence the phase velocity, can be readily determined [38]. 

In many situations, it is desirable to generate ultrasonic waves in a solid without having 
any transducer directly in contact with the surface of the sample under investigation. Such 
circumstances may arise, for instance, in the non-destructive testing of materials in unfriendly 
environments (e.g. very hot, or highly radioactive, or simply not easily accessible). The initial 
work of White in 1963 [39] showed that bulk waves could be generated by a harmonic heat 
flow on the surface of a sample. Since then, the excitation of longitudinal, shear and Rayleigh 
waves by illuminating the target sample with a short laser pulse has been widely demon¬ 
strated, and the literature on the laser generation of ultrasonic waves has grown extensively 
and exposed the enormous flexibility of this source of US. Thus, issues such as illumination 
of the sample surface with an annulus of light in order to produce a stronger signal at the 
focal point with gains of more than 20 dB at the centre of the annulus; that of a line source 
configuration; the use of a periodic mask over the surface of the sample with a periodicity of 
a Rayleigh wavelength in order to force the generation of Rayleigh waves on the surface of 
the sample; the principles of ultrasonic array synthesis using laser beams and either trans¬ 
mission gratings or optical fibres to guide the laser light and accomplish convenient spatial 
and temporal control [40] helped establish the foundations of the present US-laser combina¬ 
tion more than two decades ago. 

Laser ultrasonic transducers are truly non-contact devices which effectively avoid 
acoustic coupling problems (e.g. damping in the transducer and couplant; reflection and 
transmission losses at the interface). Most laser ultrasonic devices have been used for 
excitation and detection of bulk elastic waves in point source or planar geometry, but also 
surface acoustic (Rayleigh or Brillouin) waves. Unlike the bulk wave regime, only one 
sample side is needed for excitation and detection when surface waves are used. This not 
only renders the measurements easier, but also avoids the need for an accurate knowl¬ 
edge and uniformity of the sample thickness. In addition, the excitation laser can be 
focused using cylindrical lenses in order to obtain an excitation line. 


9.5. TYPES OF RESPONSES AND MEASUREMENTS IN 
ULTRASOUND-BASED DETECTION TECHNIQUES 

An ultrasonic wave travelling across a material can be described in terms of the amplitude 
displacement of its layers (Fig. 9.6) from their equilibrium position. At a fixed position 
within the material, the displacement varies sinusoidally with time, the distance between 
successive maxima constituting the period (7). At any time t, the amplitude A decreases 
with increasing distance through attenuation by the sample. The distance between suc¬ 
cessive maxima is equal to the wavelength (A). 


9.5.1. Basic principles of ultrasonic primary responses in ultrasound-based 
detection techniques 

Most ultrasonic material analyses rely on measurements of some characteristic of ultra¬ 
sonic waves propagating through the sample that provides information on the interaction 
of ultrasonic waves with the inside of the sample, thus enabling analysis of its physical 
and chemical properties. 
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Figure 9.6. Distortion caused depending on whether a sinusoidal force is applied normal or 
parallel to the surface of a material, thereby producing compression or shear waves, respec¬ 
tively. The time required for the wave to travel the distance between successive maxima is the 
period (T). The amplitude A at any time decreases with increasing distance through attenua¬ 
tion by the sample. The distance between successive maxima is equal to the wavelength (X). 


Ultrasonic waves produce oscillating pressure and associated longitudinal deforma¬ 
tions. Their propagation is determined by ultrasonic velocity and ultrasonic attenuation; 
hence, the two parameters most frequently measured in US spectroscopy are the ultra¬ 
sonic velocity and attenuation coefficient. In addition, a number of measurements are 
related to or influenced by the velocity (e.g. impedance) or attenuation (particularly scat¬ 
tering, — the different components of which give rise to specific measurement modes — 
absorption and diffraction). These parameters are typical of each material and can be 
related to physical properties such as elastic constants, density, composition and 
microstructure in solids, and adiabatic compressibility, intermolecular free length, molar 
sound velocity, molar compressibility, specific acoustic impedance and molar volume in 
liquids. A variety of techniques exist for determining the ultrasonic properties of materi¬ 
als, the choice of a particular one being dictated by the material under study and the 
requirements of the researcher. Well-established techniques in this context are of interest 
mainly for routine measurements and for inexperienced users of ultrasound-based detec¬ 
tion techniques; on the other hand, the newer techniques and modes can be more inter¬ 
esting for research purposes. The general principles on which each type of measurement 
among the most common ones rely are discussed below. 


Equation of motion 

A plane ultrasonic wave can be described in terms of the displacement of a particle from 
its equilibrium position as a function of the distance the wave has travelled as follows: 
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where t denotes time, x distance, £ particle displacement, k wave number (= co/c — j-cc), 
co angular frequency (= 2nf), /"frequency, c velocity and a the attenuation coefficient and j is 
V— 1 ■ A convenient solution of this equation for sinusoidal waves is: 


§ = 4 ex P j(cot-kx), (9.2) 

where is the initial amplitude of particle displacement. Ultrasonic waves often propa¬ 
gate through materials in the form of pulses rather than as sinusoidal waves. In any case, 
Eq. 9.2 still holds as pulses can be resolved into sinusoidal waves using Fourier analysis. 
The cot term describes how the wave varies with time, and the kx term describes the way 
it varies with distance. 


Ultrasonic velocity 

Ultrasonic velocity (the speed of ultrasound) is determined by the elasticity and density of 
the propagation medium. Generally, the elastic response, which is extremely sensitive to 
molecular organization and intermolecular interactions, prevails. Solids exhibit the 
strongest interactions between molecules, followed by liquids and gases; therefore, solids 
are more rigid (i.e. they have higher elastic moduli) than liquids and gases. For this 
reason, sound travels faster in solids than it does in liquids and gases. Based on the 
forces acting on a homogeneous material as an ultrasonic wave passes through it, one 
can write [41]: 


d^l = e 

dt 2 p dx 2 ’ 


(9.3) 


where e is the appropriate elastic modulus of the sample and p its density. The measurable 
ultrasonic properties of a material can therefore be related to its physical properties by 
combining Eqs. 9.1 and 9.3: 


f 1 = - (9-4) 

k) p 

In materials which are highly attenuating, the particle velocity and particle displace¬ 
ment are out of phase, so the elastic modulus and density of the material are complex 
and dynamic (i.e. frequency dependent). For many materials, the attenuation coefficient 
is fairly small (i.e. a <$: co/c), so the particle velocity and displacement are in phase and 
Eq. 9.4 can be replaced with: 


c 2 = — (9.5) 

P 

The speed of sound is directly proportional to the elastic moduli and inversely propor¬ 
tional to the density of the sample. 
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For compressional waves propagating in a liquid or gas, the appropriate modulus is the 
bulk modulus, K (which is the reciprocal of the adiabatic compressibility, k)\ for bulk solids, 
it is K + 4G/3, where G is the shear modulus. Shear waves will propagate through most 
solids (£ = G), but are highly attenuated, and usually do not travel far enough to be detected 
(~ micrometre) by liquids and gases. Emulsions and suspensions have liquid continuous 
phases, so only compressional waves can usually propagate in them. The moduli and den¬ 
sities of materials depend on their structure, composition and physical state; consequently, 
ultrasonic velocity can be used to provide information about these properties. 

Ultrasonic velocity is determined by the density and elastic response of the sample to 
the oscillating pressure in the ultrasonic wave, and can thus be expressed in terms of 
compressibility or storage modulus. This is extremely sensitive to the molecular organiza¬ 
tion, composition and intermolecular interactions in the analysed medium, and is the 
basis for most applications of ultrasonic spectroscopy to the determination of chemical 
properties of materials. 

The ultrasonic velocity of a material can be determined by measuring (a) the US wave¬ 
length at a known frequency (c = Xf) or (b) the time t taken by a wave to travel a known 
distance d (c = d/t). 

The equations to be used with leaky SAWs in acoustic microscopy can be found 
elsewhere [42]. 


Ultrasonic attenuation 

Ultrasonic attenuation is caused by a loss of energy in an ultrasonic wave as it travels 
through a sample. It characterizes the ultrasonic transparency of the sample and can be 
seen as a reduction of amplitude of the wave. Attenuation is caused mainly by absorption 
and scattering, but also by diffraction. Absorption occurs to some extent in all materials by 
the effect of thermodynamic relaxation mechanisms which convert energy from the ultra¬ 
sonic wave into some other form — ultimately heat and elastic hysteresis in the case of 
solids. In gases and liquids, the most important mechanisms of absorption are shear and 
bulk viscosity, thermal conduction and molecular relaxation [43]. In solids, the situation is 
more complex and a greater variety of mechanisms can contribute to the overall absorp¬ 
tion. Scattering is often the predominant form of attenuation in heterogeneous materials 
such as emulsions, suspensions and foams, when an ultrasonic wave impinging on a dis¬ 
continuity (e.g. a particle) is scattered in directions other than that of the incident wave. 
Scattering losses constitute a major form of attenuation in heterogeneous systems at high 
frequencies and when the size of the droplet is approximately equal to the US wavelength. 
Unlike absorption, the energy is still stored as US, but its propagation direction and phase 
have been altered. Measurements of US absorption and scattering can provide valuable 
information about some physico-chemical properties of materials including concentration, 
viscosity, and molecular relaxation and microstructure. 

With homogeneous samples, periodic compressions and decompressions in the 
ultrasonic wave lead to an oscillation of the equilibrium position for the chemical process 
(e.g. A + B <-> AB). A delay in the relaxation of the process to the equilibrium state causes 
absorption of energy. In non-homogeneous samples, the ultrasonic wave loses amplitude 
(energy) through scattering of the wave on particles, thus decreasing the amplitude 
of the wave (ultrasonic attenuation) and the dispersion of the ultrasonic velocity. The 
contribution of ultrasonic scattering is determined by the volume fraction of dispersed 
particles. 
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The attenuation coefficient (a) of a material is a measure of the decrease in amplitude 
of an ultrasonic wave as it travels through it and can be expressed, in nepers per metre 
(Np/m), as follows: 


A = >4 o exp(-ax), (9.6) 

where x is the distance the wave has travelled through the material (in metres), A 0 the ini¬ 
tial peak amplitude of the wave and A the peak amplitude at position x. The attenuation 
coefficient is determined from the relationship of the amplitude of an ultrasonic wave to 
the travelled distance following “fitting” of measurements to Eq. 9.6. The attenuation coef¬ 
ficient can also be given in decibels per metre (dB/m), where 1 Np = 8.686 dB. 

Ultrasonic attenuation is determined by energy losses in ultrasonic waves and can be 
expressed in terms of the high-frequency viscosity of the medium or its longitudinal mod¬ 
ulus. This allows the analysis of the kinetics of fast chemical reactions and the microstruc¬ 
ture of materials in terms of particle sizing, aggregation, gelation, crystallization and other 
typical processes. 


Transmission and reflection at boundaries 

When an ultrasonic compressional wave impinges normally on a boundary between two 
materials of different acoustic impedances, it is partly reflected and partly transmitted. 
The ratio of the amplitude of the reflected wave (>4 r ) to that of the incident wave (>4j) is 
called the reflection coefficient (R), and the ratio of the amplitude of the transmitted wave 
(>4 t ) to that of the incident wave the transmission coefficient (T). The appropriate coeffi¬ 
cients when particle velocity amplitudes are used are [41] 


and 



2 - 


(Z,+Z 2 ) 



f Z -Z A 
*"1 2 

V ^1 + ^2 J 


(9.7) 


(9.8) 


The subscripts 1 and 2 refer to the material the wave travels in and the material that is 
reflected by or transmitted into, respectively. These equations show that the maximum 
transmission of ultrasound occurs when the impedances Z 1 and Z 2 of the two materials 
are identical. The materials are then said to be acoustically matched. If the materials have 
very different impedances, then most of the US is reflected. The reflection and transmis¬ 
sion of ultrasound at boundaries has important implications on the design of ultrasonic 
experiments and the interpretation of their results. In addition, measurements of the 
reflection coefficient are often used to calculate the impedance of a material. 

Like the ultrasonic velocity and attenuation coefficient, the acoustic impedance is a 
fundamental physical characteristic which depends on the composition and microstruc¬ 
ture of the material concerned. Measurements of acoustic impedance can therefore be 
used to obtain valuable information about the properties of materials. 
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Ultrasonic propagation in non-scattering systems 

Homogeneous liquids do not scatter ultrasound because they do not contain any discon¬ 
tinuities. Attenuation in these systems is solely due to absorption caused by thermody¬ 
namic relaxation processes. In a pure homogeneous liquid, which is not highly attenuating 
(i.e. a « cold), the velocity of ultrasound is simply related to the adiabatic compressibility 
and the density by the equation 


If a second phase is added, then the values of k, p and a are modified. If an emulsion or 
suspension is assumed to behave like an ideal mixture, then the volume-average of the 
compressibility (k 0 ) and density (p 0 ) is used: 


k = k o =(:-0Qk^+0k 2 ( 9 . 10 ) 

p= Po = V-0) P ,+ 0p 2 (911) 

Here & is the dispersed phase volume fraction and the subscripts 1 and 2 refer to the 
continuous and dispersed phase, respectively. 

The attenuation coefficient of a two-phase non-scattering system is equal to the 
volume average of the attenuation coefficients of the component phases: 


cc = cc o =('\-<I>)ci, + ®a 2 (9.-12) 

In non-scattering systems, ultrasonic properties and the volume fraction of the dis¬ 
perse phase are related in a simple manner. In practice, many emulsions and suspensions 
behave like non-scattering systems under certain conditions (e.g. when thermal and 
visco-inertial scattering are not significant). In these systems, it is simple to use ultrasonic 
measurements to determine 0 once the ultrasonic properties of the component phases 
are known. Alternatively, if the ultrasonic properties of the continuous phase, <2>and p 2 are 
known, the adiabatic compressibility of the dispersed phase can be determined by mea¬ 
suring the ultrasonic velocity. This is particularly useful for materials where it is difficult to 
measure k directly in the bulk form (e.g. powders, granular materials, blood cells). 


Ultrasonic propagation in scattering systems 

Ultrasound scattering in emulsions and suspensions. Scattering of ultrasound is 
important in many emulsions and suspensions and can have a significant effect on their 
ultrasonic properties, making the velocity and attenuation dependent on particle size as 
well as on concentration. Scattering theory is an attempt to relate the ultrasonic properties 
of an emulsion or suspension to its physical properties, composition and microstructure; 
this has been the subject of much research over the last 40 years, using bodies of vari¬ 
ous shapes — particularly spherical [44]. There are two stages in formulating scattering 
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theory. First, the scattering characteristics of a single particle are calculated and then the 
scattering characteristics of an ensemble of particles such as an emulsion or suspension 
are determined by calculating how the scattering from the individual particles combines. 

Scattering from a single particle. The interactions between an ultrasonic wave and an 
emulsion or suspension droplet are complex. Under specific physical conditions, however, 
interactions are small in number and the mathematical description of ultrasonic propagation 
can be simplified significantly by dividing propagation into three categories according to the 
relationship between droplet radius and ultrasonic wavelength. (Fig. 9.7), namely: (1) the long 
wavelength regime (LWR), where r « A; (2) the intermediate wavelength regime (IWR), 
where A; and (3) the short wavelength regime (SWR), where r» A. 

Calculations of the extent of each regime for typical emulsion droplet sizes (0.01-100 pm) 
and ultrasonic frequencies (0.1-100 MHz) indicate that almost all emulsions of practical 
importance fall into either the LW or the IW regime (Fig. 9.8). Ultrasound can be used to 
determine the size of large droplets (< 1 mm); however, this is usually done with ultrasonic 
imaging rather than ultrasonic spectrometry [45]. Note that if one examines a system 
containing droplets of unknown size, it is impossible to ascertain which region one is in 
before testing. In this situation, one must either use the entire ultrasonic theory or know 
the approximate size of the droplets beforehand. 

Long wavelength regime. The two most important forms of scattering in the LWR are 
caused by visco-inertial and thermal transport mechanisms which occur at the interface 
between a particle and the surrounding fluid. The LWR is that where particle size is much 
smaller than the ultrasonic wavelength A (r < 0.05 A), which is the case with most emulsions 
and suspensions (e.g. A ~ 150 pm at 10 MHz in water). Visco-inertial scattering occurs 
when a suspended particle and the surrounding liquid differ in density. In the 
presence of an ultrasonic wave, a net inertial force acts on the particle and causes it to 


Ultrasonic wave Droplet 




Figure 9.7. Relationship between droplet radius (r) and ultrasonic wavelength. The 
regions shown are a function of the relative value of the variable: long wavelength regime 
(LWR) (r « A), intermediate wavelength regime (IWR) (r~ A) and short wavelength regime 
(SWR)(r» A). 
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Figure 9.8. Dependence of the long, intermediate and short wavelength regimes on 
droplet radius and ultrasonic frequency on the assumption of r < 0.05k for long wave¬ 
length regime (LWR); 0.05k < r < 50k for intermediate wavelength regime (IWR) and r > 
k for short wavelength regime (SWR). 


oscillate relative to the surrounding liquid, the oscillation being damped by the viscosity of 
the liquid. The magnitude of this effect depends on the density difference between the 
component phases. Thermal scattering occurs by the effect of an ultrasonic wave pass¬ 
ing through a material causing temperature fluctuations around the equilibrium value as a 
result of pressure-temperature coupling. In a two-phase system, where some thermal 
properties of the component phases are different, temperature fluctuations in the particle 
and surrounding fluid are different, so heat energy flows across the interface and as a 
result the particle pulsates. The magnitude of this effect depends on the difference in 
thermal properties between the component phases. Pulsation and oscillation of the par¬ 
ticles constitute the source of scattered waves. Both visco-inertial and thermal scattering 
can have a significant effect on the velocity and attenuation of ultrasound in emulsions 
and suspensions. 

Figure 9.9 shows the scattering profile of a single particle in the presence of an 
ultrasonic wave in the LWR. The overall profile consists of a monopole component due 
to the particle pulsation caused by thermal scattering and a dipole component due to 
the particle oscillation caused by visco-inertial scattering. By measuring the amplitude 
of the scattered signal as a function of the scattering angle one can obtain information 
about the physical properties of the particle. Most ultrasonic experiments, however, use 
measurements of the velocity and attenuation of the wave which travels directly through 
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Droplet 



Figure 9.9. The two most important types of interaction between an ultrasonic wave 
and an emulsion droplet in the long wavelength regime: droplet oscillation and pulsation. 
Pulsation leads to the generation of a monopole wave, whilst oscillation produces a 
dipole wave. Ultrasonic energy is also lost through thermal and visco-inertial absorption 
associated with droplets pulsation and oscillation. 


the material (viz. the forward wave in Fig. 9.9). The amplitude of this wave is reduced 
when a particle is present because some of the incident wave is scattered and some 
absorbed by damping mechanisms associated with visco-inertial and thermal scattering. 
The phase — and hence the velocity — of the forward wave is different from that of the 
incident wave because the latter interacts with a part of the scattered wave which travels 
in the forward direction. 

The monopole and dipole fields of a single particle are characterized by their scatter¬ 
ing coefficients (A 0 and A 1 ). These relate the amplitude of the various scattered waves to 
that of the incident wave. The mathematical procedure for calculating the scattering coef¬ 
ficients is described elsewhere [46]. Briefly wave equations for the propagation of corm- 
pressional, shear and thermal waves in both the particle and the surrounding fluid are 
derived that are then solved in terms of series expansions containing the scattering coef¬ 
ficients. The appropriate wave equations for each phase are then related to one another 
by considering the boundary conditions at the surface of the particle (i.e. the velocity and 
stress components, the temperature and continuous heat flow). A set of simultaneous 
equations are thus obtained which can be solved for the various scattering coefficients. 
The scattering coefficients of a liquid droplet suspended in a liquid continuous phase have 
been derived [47], as have those for a solid particle [46]. The magnitude of the scattering 
coefficients depends on the thermophysical properties of the component phases 
(viz. density, compressibility, specific heat capacity, coefficient of volume expansion and 
thermal conductivity), the particle radius (r) and the frequency. 

Intermediate wavelength regime. Emulsions which contain fairly large emulsion droplets 
(typically >10 pm) tend to fall in IWR, especially when relatively high ultrasonic frequen¬ 
cies (>10 MHz) are used. Interactions between ultrasonic waves and emulsion droplets 
are most complicated in this regime, and a wide variety of scattered waves are generated. 
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This requires using many more scattering coefficients (A n ) to calculate the ultrasonic prop¬ 
erties of an emulsion or suspension than the two (A 0 and A ^ used in LWR. Scattering of 
ultrasonic waves prevails over other types of interaction in IWR, so ultrasonic properties 
can be calculated from simplified expressions for the A 0 terms. The number of A n terms 
needed to calculate properties in this case varies with the frequency and is determined at 
each frequency by incrementally increasing the value of n and calculating the complex 
propagation constant until it no longer changes. 

The ultrasonic properties of emulsions and suspensions are especially sensitive to 
droplet size in the region 0.1 < r/A < 50 in IWR [48]. By using an instrument capable of 
measuring the ultrasonic velocity and attenuation coefficient over the frequency range 
0.1-100 MHz, one can analyse droplets in sizes from about 1 pm to a few metres. Thus, 
by utilizing measurements in both LWR and IWR, one can cover the whole range of sig¬ 
nificant droplet sizes for emulsions and suspensions. 

Scattering from an ensemble of particles. The ultrasonic properties of an ensemble 
of particles can be described in terms of a complex propagation constant P(= colc + j ot). 
Parameter (5 is calculated by working out the total scattering from all particles in a system; 
based on their spatial distribution, a complex propagation constant for an ensemble of 
point scatters randomly distributed in space is derived on the assumption that the propor¬ 
tion of energy scattered from a particle on to a neighbouring particle is insignificant. This 
theory is therefore a single scattering theory and applicable to dilute systems only. 

Equation 9.13, where /c 1 (= colc^ + j ocj is the wave number of the continuous phase, 
illustrates how the scattering coefficients of a single particle are related to the ultrasonic 
properties of an ensemble of particles. 
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In concentrated systems, multiple scattering is important (i.e. a significant proportion 
of the energy scattered from one particle is incident upon neighbouring particles). If one 
considers multiple scattering in the derivation of the complex propagation constant [49], 
then Eq. 9.13 becomes: 
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Provided « role h which is usually the case, this equation can be resolved into two 
expressions for the effective complex density and effective adiabatic compressibility [50]: 


K = K, 


P = Pi 


V 1 3 ' y ' 0 V ) 3 


1-9 j-0- 


(*yf 


(9.15) 

(9.16) 


This allows the velocity and attenuation to be calculated as: 1/c = 
R e(^Kp) and a=co\m(^Kp ). As can be seen, visco-inertial scattering modifies 
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the effective density (through A^), and thermal scattering modifies the effective adiabatic 
compressibility (through A 0 ). In order to use these equations to relate the ultrasonic prop¬ 
erties of a scattering material to its physical properties, one must know the thermophys¬ 
ical properties of the component phases of the system under study These can either be 
measured or taken from the literature [51]. 

Ultrasound scattering in solids. Solids also exhibit various scattering regions 
depending on the wavelength (A) to mean grain size (D) ratio. Thus, in the Rayleigh 
scattering region A » 2nD, in the stochastic scattering region A ~ 2nD and in the diffuse 
scattering region A < 2nD. 

Potential and restrictions of attenuation measurements. The huge information 
provided by attenuation measurements under appropriate working conditions includes 
data that allow stirred and ultrasonicated slurries to be distinguished [52] as discussed in 
Chapter 8. However, attenuation is also markedly influenced by variables other than 
scattering, as recently demonstrated by Goodenough et al. [53]. As can be seen in 
Fig. 9.10, the attenuation caused by an industrial, particulate sample increases with 
increasing concentration and decreases with increasing temperature, especially at higher 
frequencies. A comparison of Figs. 9.10A and B reveals that, below 6 MHz, attenuation 
is independent of temperature but responsive to the particulate concentration for a given 
type of sample. The effect can vary widely depending on the particular type of sample 
(see the industrial sample and samples B and C in Fig. 9.11, which were prepared from 
silica and sucrose in order to test the independence of the experimental variables of the 
concentration of insoluble and soluble solids, respectively, at a fixed US frequency of 
5 MHz). Attenuation measurements can be an excellent tool for determining the concen¬ 
tration of solids in sample A, but not in B or C; this entails optimizing the working condi¬ 
tions for each type of sample with provision for both the matrix and suspended or 
dissolved solids. 


Use of primary data: velocity or attenuation 

Attenuation is the best variable for characterizing dispersed phase composition and par¬ 
ticle size; by contrast, the speed of sound is better for characterizing chemical composi¬ 
tion at a molecular level [54]. The ability to use single primary data to determine insoluble, 
dissolved and total solids is one of the strengths of diagnostic US by virtue of the differ¬ 
ent behaviour of these variables depending on the sample nature (e.g. samples A, B and 
C in the previous section [53]). Unlike attenuation in the spectra of Figure 9.10, the phase 
velocity was found to be roughly frequency independent, whereas the speed of US 
changed markedly with temperature [55]. Therefore, attenuation is to be preferred as the 
primary datum of choice for directly measuring the concentration of particles. Figure 9.12 
illustrates the rather disparate behaviour of attenuation and speed of US at variable tem¬ 
peratures for samples A and B as compared with distilled water. All tests were conducted 
at 5 MHz. As can be seen from the figure, attenuation from the silica sample increased 
slightly with increasing temperature, which can be ascribed to changes in the attenuative 
properties of the silica with temperature. However, the industrial particles exhibited a 
marked decrease in attenuation above 70°C as a result of more marked dissolution of 
particles at increased temperatures so much to that, at 150°C, the industrial particles 
were almost completely soluble, with an attenuation value close to that of water. On the 
other hand, the speed of sound for the samples and distilled water exhibited the typical 
maximum at approximately 70°C and decreased at higher temperatures. All these factors 
should be considered in dealing with unknown samples. 
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Figure 9.10. Attenuation spectra for sample solutions made from industrial particles. 
(A) Variable concentrations of particles from 0 to 1.08% measured at 25°C. Note the 
increase in attenuation with increasing concentration, especially at the highest frequen¬ 
cies. (B) Variation with temperature of the 1.08% particle solution. Increased tempera¬ 
tures reduce attenuation, especially at the highest temperatures. (Reproduced with 
permission of Elsevier, Ref. [53].) 
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Figure 9.11. 5-MHz attenuation of US measurements at variable concentrations of 
samples A, B and C, corresponding to industrial particles, silica and sucrose, respec¬ 
tively. (Reproduced with permission of Elsevier, Ref. [53].) 


Factors influencing propagation 

There are a series of factors which affect ultrasonic propagation and should therefore be 
considered in determining variables related to the interaction of the wave with a given 
sample. Some of the most influential factors are commented below. 

Presence of gas bubbles. Ultrasonic propagation in liquids containing gas bubbles 
can be examined with a view to (1) characterize the system concerned or (2) establish the 
influence of the gas on the target properties. 

The presence of gas bubbles in a system can have a dramatic influence on its ultra¬ 
sonic properties by the effect of the phenomenon known as resonant scattering [56], 
which arises from the large difference in compressibility between the gas and the liquid. 
The frequency at which resonance occurs (a> r ) depends on the physical properties of the 
component phases and bubble size: 



(9.17) 


where p is the density of the liquid, p b and c b are the density and ultrasonic velocity of the 
gas bubble, respectively, and r is the radius of the bubble. This equation is applicable to 
fairly large bubbles (r> 3 jim); for smaller bubbles, however, the effects of viscosity, heat 
conduction and surface tension should be included [57]. 
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Figure 9.12. Ultrasonic attenuation (A) and velocity (B) spectra for samples measured 
at temperatures up to 150°C. (a) 0.81% insoluble particles suspension; (•) 4.4% silica 
particles; and (a) distilled water. The decreased attenuation of the industrial particles 
above 70°C is due to a change in solubility. (Reproduced with permission of Elsevier, 
Ref. [53].) 
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The effect of resonance on the ultrasonic velocity and attenuation of bubbly water is 
that, at frequencies below resonance, the ultrasonic velocity is much lower than that of the 
continuous phase and may even be lower than that of the gas phase. In the vicinity of res¬ 
onance, the velocity is very sensitive to frequency, whilst at frequencies well above reso¬ 
nance it tends to the velocity of the continuous phase. Attenuation is greatest at 
near-resonance frequencies. It is often so large that US cannot be transmitted through 
systems containing even a low concentration of bubbles (&< 10 -4 ). This problem is exac¬ 
erbated in real systems containing a range of bubble sizes, where the attenuation peak 
spans a wide range of frequencies. Ultrasonics may therefore have limited use with sys¬ 
tems containing entrained gas bubbles unless these can be removed or measurements 
made at frequencies away from resonance. However, there are often some practical diffi¬ 
culties associated with making measurements at very low and high frequencies. The 
dependence of ultrasonic properties on the size and concentration of gas bubbles allows 
ultrasonics to be used to measure these quantities. 

Particle size. The scattering theory described above assumes that the particles are 
spherical in shape. Although emulsion droplets can usually be assumed to be spherical 
because of the effects of surface tension, they may become deformed under shear flow 
or in concentrated systems where they are closely packed. Many solid particles are non- 
spherical (granular, crystalline, fibrous). Non-sphericity can have a substantial effect on 
ultrasonic measurements and a number of theories have been derived to consider such 
an effect [58-60]. 

Multiple scattering. The multiple scattering theory described above assumes that the 
exciting field incident upon a particle is the same as the field that would occur if the parti¬ 
cles were not present. This assumption is only valid when the following condition is met [46]: 

no 

— «1, (9.18) 


where n is the number of particles per unit volume (= 3^/471^) and cr the scattering cross 
section (= 47i|A 0 + 3A^\ 2 /k 2 ^). Most emulsions and suspensions are weakly scattering 
systems in which the fraction of energy scattered from a particle is much smaller than the 
energy of the incident wave, so this condition applies up to fairly high volume fractions 
(O > 0.4). In strongly scattering systems (e.g. bubbly liquids), this condition may break 
down at gas contents as low as a fraction of 1 %. Multiple scattering theory has also been 
formulated to take into account this limitation [61,62]. 

Multiple scattering theory also assumes that the particles are randomly distributed in 
the continuous phase (i.e. that they are uncorrelated). In some systems, this is not true 
and ultrasonic properties can depend on the radial distribution function of the particles. 

Attempts have also been made to include the effects of droplet flocculation in ultra¬ 
sonic scattering theory [63]. 

Particle interaction. Scattering theory does not take account of physical interactions 
between particles. In concentrated systems such as pastes or sediments, the particles 
are in contact with each other and different theories have to be used to describe their 
ultrasonic behaviour [64,65]. The ultrasonic properties can be affected, even in dilute 
systems, if flocculation occurs. The dependence of the ultrasonic properties of a material 
on the degree of particle interaction allows ultrasonics to be used to investigate this 
phenomenon. 

Miscellaneous factors. It is often assumed that the continuous phase which surrounds 
the particles has the same physical properties as the bulk continuous phase, but this is not 
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always the case (e.g. it has been shown that the viscosity of the continuous phase is 
modified by the presence of suspended particles [66]). The viscosity of the continuous 
phase may also be frequency dependent (e.g. in visco-elastic materials, the viscosity 
measured at low frequencies with a viscometer is different from that measured at 
ultrasonic frequencies [67]). In addition, the magnitude of visco-inertial scattering in an 
emulsion or suspension containing charged particles can be affected by electroviscous 
effects [68]. 


9.5.2. Basic principles of ultrasonic secondary responses in 
ultrasound-based detection techniques 

As stated above, US secondary responses are obtained under specific conditions such as 
resonance, are derived from primary responses such as impedance or are a fraction of 
the overall primary response (e.g. absorption, reflection). Measurements made under 
resonance conditions are the basis for resonance ultrasonic spectroscopy (RUS), also 
known as “high-resolution ultrasonic spectroscopy” — the latter name was given by the 
leading manufacturer of RUS instruments. The importance of this technique warrants 
discussion of its basic principles below. 


Ultrasonic resonance 

The US resonance phenomenon for the case of a plane parallel-type resonator consists 
of excitation by one of the piezotransducers of the ultrasonic wave travelling in the direc¬ 
tion of the second piezotransducer. Upon reflection by the second piezotransducer, the 
wave comes back and is reflected again. At the frequencies corresponding to a whole 
number of half wavelength between the piezotransducers, resonance occurs and 
increases the amplitude of the signal at the second piezotransducer. 

For the resonance phenomenon to occur, the ultrasonic cell forms an acoustic res¬ 
onator, the ultrasonic velocity is determined from measurements of ultrasound frequency 
at resonance and ultrasonic attenuation is estimated from the energy losses at reso¬ 
nance. Decreasing the volume of the resonator cell increases the number of reflections 
of the ultrasonic wave at the resonator walls, the total length of the path of the ultrasonic 
wave in the sample remaining nearly constant. Taking full advantage of contactless EMAT 
entails obtaining the amplitude spectrum, which allows the phase velocity or thickness, 
and the relaxation time to be derived from the received ringdown signal at resonance [69]. 


Resonant ultrasound: principles and measurements 

The principles behind resonance US measurements differ depending on the liquid or solid 
nature of the sample. 

Resonant US in liquids. Measurements of ultrasonic resonance in liquids involve 
using a resonator cell comprising two major elements, namely: a resonator chamber, 
where acoustic resonance forms and two transducers (usually piezoelectric), which excite 
and detect ultrasonic vibrations. 

In an ideal resonator, where the effects of diffraction, non-ideal reflection and other 
perturbations can be negligible, the resonance condition can be expressed by the follow¬ 
ing relationship: 
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~Y = d > ( 9 - 19 ) 

where n is any whole number, X n the ultrasonic wavelength in the sample at the nth reso¬ 
nance and of the distance between the piezotransducers. The wavelength X is determined 
by the ultrasonic velocity, c, and frequency, f: 



(9.20) 


where f n is the frequency at the maximum of the nth resonance. A combination of 
Eqs. 9.21 and 9.22 provides the relationship between the change of the ultrasonic 
velocity 5c and the corresponding shift of the frequency of the nth resonance, 5f n : 


5c = 5f^ 

o f n 


(9.21) 


The absolute value of the ultrasonic velocity can be obtained from the frequencies of 
any two nth and (n-l)th resonances: 


c = 2d(f n -f n _,) (9.22) 

This equation is also a consequence of Eqs. 9.19 and 9.20. The distance between the 
piezotransducers, d, can be determined from measurements of (f n - f n _^) for the resonator 
filled with a liquid of known ultrasonic velocity, c. Based on the simple model for an ideal 
resonator, Eqs. 9.21 and 9.22 work surprisingly well in real resonators at frequencies that 
are close to the resonance frequency of the piezotransducer. These equations have been 
widely used with high-resolution measurements of ultrasonic velocity in liquids. The scope of 
these equations has been expanded by including empirical correction factors [70]. 

Ultrasonic resonance in solids. The mechanical resonances of a freely suspended 
solid object are special solutions to the equations of motion that depend only on the den¬ 
sity, elastic moduli and shape. These solutions determine all the possible frequencies at 
which such an object would “ring” if struck. Because a solid with N 0 atoms in it has 
6A/ 0 degrees of freedom, there are 6A/ 0 — 6 possible resonances (viz. six frequencies 
corresponding to three rigid rotations and three rigid translations are removed). Most 
such resonances cannot be detected as individual modes because dissipation in the 
solid broadens the higher frequency resonances to an extent that they overlap to form a 
continuum response. 

The calculation of the resonant frequencies in solids starts with the Lagrangian of the 
elastic body. A free-standing body can sustain non-attenuated vibrations at a series of 
resonant frequencies co m . At such frequencies, the time-independent part of the 
Lagrangian, 


L' = \C llkl£lj (u)e kl (u)dV 


( 9 . 23 ) 
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is an extremum under the normalization conditions: 

fupjSydV (9.24) 

2 

and the extrema give Here, C /y/c , is the elastic constant tensor and £jj{u) the position- 
dependent strain tensor. The solutions are found by expanding the displacement u in basis 
functions appropriate to the geometry of the body By truncating the basis at a convenient 
limit, N, the problem is reduced to that of diagonalizing an N x N matrix (the eigenvalue 
problem due to instantaneous peak displacement). Demarest [71] and Ohno [72] 
used normalized Legendre polynomials as basis functions and found them to lead to 
rapid convergence on the numerical solution for a cube-shaped specimen. On the other 
hand, Visscher et al. [73] used power series expansion and found that, although 
convergence was slower, the numerical problem was quite readily solved, especially with 
current fast desk-top computers. Power series expansion is simpler to implement for 
samples of arbitrary shape. The numerical code developed by Visscher is at present 
available in commercial software applicable to samples of cylindrical or parallelepiped 
geometry. 

The derivation of the elastic constant tensor to be used in RUS is an indirect iterative 
procedure. Provided the sample dimensions, density and elastic constants are known, the 
spectrum of resonant frequencies can be easily calculated. The inverse problem (viz. cal¬ 
culating the elastic constants from a measured spectrum of mechanical resonances) has 
no known solution, however. For the indirect method, a starting resonant frequency spec¬ 
trum, f™\n = 1,2, ), can be calculated by elastic constants estimated from theory or 
from literature data for similar materials in addition to the known sample dimension and 
density. The difference between the calculated and measured resonance frequency 
spectrum, f™ ea (n = 1,2, ), is identified by a figure-of-merit function, 

F = Xw„(f n cal f n mea ) 2 (9.25) 

where f mea (n = 1,2, ), are weight coefficients reflecting the confidence on individual reso¬ 
nance measurements. Then, F is minimized by regressing the values of all the elastic 
constants with the aid of dedicated software. The software searches for a global minimum 
of the function F in a multidimensional space of dimensions equal to the number of 
unknown elastic constants. The curvature of F differs between elastic constants; as a 
result, some elastic constants can be determined with higher precision than others. The 
accuracy of RUS depends on the quality of the sample and the number of resonances 
measured. Experience has shown that such a number should be at least 5-10 times the 
number of independent elastic constants to be determined. Typically, pure shear elastic 
constants are the easiest to determine, with errors less than 0.1%, and off-diagonal elas¬ 
tic constants are those determined with the least accuracy (typically about 2%). 


Acoustic impedance 

The specific acoustic impedance (Z) of a material is defined as the ratio of the instanta¬ 
neous acoustic excess pressure (P) to the particle velocity (c), and can be expressed as: 


Z = 


P 

c 


= CO- 


p 

k 


(9.26) 
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In general, Z is complex and can be split into a real part and an imaginary part: 


Z = R z + j ■ X, 


(9.27) 


where R z is called the resistive component and X z the reactive component. For many 
materials, a « cole, so Z= R z = pc, which is called the characteristic impedance. 

In dealing with US reflectance measurements, the magnitude M and phase cp of the 
pulse can be measured as a function of the frequency by using Fourier transform analy¬ 
sis and the reflectance value provided by the formula [74]: 


R r M„ 

□ _ _ c S _ 

s M c expi((p s - (p c )' 


(9.28) 


where R is the reflectance and the subscripts S and C refer to the sample and calibration 
material, respectively. The acoustic impedance is related to the spectral reflectance by the 
equation [74]: 


* 3 = 2 * 


1 -R s 

1 + R 0 


(9.29) 


where Z DL is the acoustic impedance of the delay-line, which is known, and Z s is that of 
the sample, which is to be determined. 


Ultrasonic relaxation 


This parameter derives from a special treatment of the data from ultrasonic absorption 
measurements. Thus, after calculation of the ultrasonic absorption coefficient, a (Np/cm), 
using a frequency in the 10-100 MHz range, the frequency dependency of this parame¬ 
ter is analysed in terms of the equation: 


a 

7 


A 

i + (f/g 2 


+ B, 


(9.30) 


where f is the measured frequency, f r the relaxation frequency, A the relaxation amplitude 
and B the contribution to the sound absorption of any other processes potentially occur¬ 
ring at higher frequencies beyond the experimental range. 

The relaxation time of the dissociation for the micelle-monomer exchange process 
(fast relaxation process) [75] is given by 


T 


o m 


V C i 7 


(9.31) 


where t is the relaxation time, and C and C 1 are the total and monomer concentration of 
surfactants, respectively. Parameters m, o and /o, are the mean aggregation number, the 
variance of the size distribution function and the mean dissociation rate constant, respec¬ 
tively. The isentropic volume change A\/ s due to the micelle-monomer exchange process 



Ultrasound-Based Detection Techniques 


329 


can be estimated from the ultrasonic absorption maxima for each wavelength, p max , using 
the expression [76] 


7ipc 2 (AV s ) 2 Ci 



f C 1 

l m J 

k-lj 


2RT 1 + 


(„ 2 \( c A 


V^-ly 


(9.32) 


where the symbols have their usual meaning. 

These equations allow the volume change during the micelle-monomer exchange 
process, the dissociation rate constant for a salt-free system, the effect of added salts on 
the micelle distribution width o and the dissociation rate constant for the system upon 
addition of a salt to be calculated [77]. 


Photon responses from sample-ultrasonic (or hypersonic) interaction 

The phase shift in laser light upon interaction with ultrasound waves moving in a material 
is the origin of the phenomenon known as Brillouin scattering. From a strictly classical 
point of view, the compression of the medium alters the index of refraction, thereby caus¬ 
ing some reflection or scattering at any point where the index changes. From a quantum 
point of view, the process can be considered as one of interaction of light photons with 
acoustic or vibration quanta (phonons). 

Thermal fluctuations in the density of gases, liquids and solids can be studied directly 
by examining the interaction of a coherent beam of photons with thermally driven 
phonons. Based on Debye’s theory of specific heat, the thermal fluctuations of molecules 
in a macroscopic sample can be considered a superposition of acoustic modes including 
all directions of wave propagation and a broad distribution of wavelengths. If a beam of 
monochromatic light with a small aperture is scattered from the thermal spectrum of 
acoustic modes, then conservation of momentum leads to a selection of particular 
acoustic waves from the thermal spectrum. Such waves propagate in both directions of 
the bisector of the scattering angle. Also, their wavelength obeys Bragg’s law of reflec¬ 
tion. The smallest acoustic wavelength A that can thus be selected amounts to half the 
wavelength of the electromagnetic wave. Hence, if visible light is used, A = A| ight /(2sin 
(cpi 2)) can be as small as 0.2 pm. Here, A Nght is the wavelength of the incident light and cp 
denotes the scattering angle. In water at room temperature (c s = 1500 m/s) the smallest 
wavelength A min corresponds to the highest frequency u max (= c s /A min ) = 7.5 GHz. While this 
is quite a high frequency, high ultrasonic frequencies can easily reach it. 

By the effect of energy preservation, the scattering of photons by thermally driven US 
waves produces Doppler-shifted lines in the light spectrum. In correspondence with the 
two possible directions of wave propagation along the bisector of scattering angle, a 
down-shifted Stokes line and an up-shifted anti-Stokes line appear in addition to the cen¬ 
tral (unshifted) Rayleigh line. The magnitude of the Doppler shift, (Sv) yight , equals the fre¬ 
quency v of the acoustic wave concerned; therefore, the sound velocity of a liquid or solid 
can be determined by measuring the scattering angle and the shift in the light spectrum. 
By using light as a carrier-frequency wave, which is modulated by the selected acoustic 
modes, relative frequency shifts (<5u)i ig ht/uiight in the region of 10~ 6 can be accurately mea¬ 
sured. The requirements for the optical instrument are, obviously even more stringent if 
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measurements are made with a view to determine the half-width Av B of the Brillouin 
(Stokes and anti-Stokes) lines in terms of the attenuation coefficient a of the selected 
acoustic modes, which are mutually related by: 


a = 



(9.33) 


The finite half-widths of both the (non-Lorentzian) Brillouin lines and the central 
Rayleigh line constitute the lower frequency limit of thermal ultrasonic waves that can be 
studied from Brillouin scattering. The integrated intensity of the Brillouin peaks (2/ B ) and 
of the central Rayleigh line (/ R ) is given by the Landau-Placzek ratio [78]: 



(9.34) 


where c p and c v denote the specific heat capacities at a constant pressure and volume, 
respectively. Such a ratio is small (~ 10 -6 for liquids); this calls for highly accurate mea¬ 
surements in order to facilitate separation of the Brillouin peaks from the branches of the 
central line. 

It should be noted that Brillouin scattering refers only to the two peaks it produces; in 
the simplified theory of Mountain [79,80], experimentally measured Brillouin spectra are 
described by three Lorentzians, one corresponding to the Rayleigh component — which 
is unshifted relative to the incident light frequency — and the other two corresponding to 
the Brillouin doublet. At present, the Brillouin spectrum is referred to as consisting of one 
elastic Rayleigh component and two Brillouin components [81]. 


9 . 5 . 3 . Types of measurements 

The frequency dependence of the ultrasonic properties of materials can be divided in a 
number of ways based on pulse-echo, transmission or interferometric measurements. 
The principal differences between them are the way ultrasonic energy is applied to the 
sample (Fig. 9.4) and the experimental set-up used to make the measurements. 


Transmission measurements 

For transmission measurements, the target is held in a measurement cell between two 
ultrasonic transducers one of which acts as a generator and the other as a receiver. The 
generating transducer produces a pulse of US which travels across the sample and is 
detected by the receiving transducer. The ultrasonic velocity and attenuation coefficient of 
the sample are determined by measuring the time-of-flight (t) and amplitude (A) of the 
ultrasonic pulse which has travelled through the sample. The ultrasonic velocity is equal 
to the length of the sample (d) divided by the time taken to travel such a distance: c = d/t. 
The attenuation coefficient, a, is calculated by comparing the reduction in amplitude of a 
pulse which has travelled through the material being analysed with that of a pulse which 
has travelled through a material the attenuation coefficient of which is known: = ay - In 
(A 2 /A^)/2d, where the subscripts 1 and 2 refer to the properties of the reference material 
and the material being tested, respectively. Obtaining accurate attenuation measurements 
entails measuring the amplitude of echoes at a single frequency, or a narrow range of 
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frequencies, by either using a narrow-band ultrasonic transducer or Fourier transform 
analysis of broad-band echoes. In principle, ultrasonic measurements are simple to per¬ 
form; in practice, however, obtaining accurate, reliable measurements depends on a 
number of factors. Thus, the measurement cell must be carefully designed in order to 
minimize temperature fluctuations, reverberation of ultrasonic pulses in cell walls and 
transducers, diffraction effects and phase cancellation at non-parallel walls. 

There are two approaches using different pulse types to measure the frequency- 
dependent ultrasonic properties of samples with this technique. One involves application 
of a broad single pulse containing a wide range of frequencies and analysing the pulse 
after it has travelled through the sample by using a Fourier transform algorithm to deter¬ 
mine t and A (and hence c and a) as a function of frequency. Covering the whole fre¬ 
quency range (0.1-100 MHz) requires using a number of transducers (typically three or 
four) with different frequencies. The other approach involves applying a tone-burst pulse 
containing a number of cycles of US at a particular frequency. In this case, the transducer 
is tuned to a particular frequency and the velocity and attenuation are measured. The 
transducer is then tuned to another frequency and the process repeated. Because mea¬ 
surements are made separately at a number of different frequencies, this approach is 
more labour intensive and time consuming than that based on broad-band pulses. 


Pulse-echo measurements 

The simplest and widely used approach in performing ultrasonic measurements is based 
on the pulse-echo principle. A typical experimental set-up consists of a measurement cell 
accommodating the sample, a pulse generator and ultrasonic transducer, and an oscillo¬ 
scope or a computer interface. The pulse from the generator is converted into an ultra¬ 
sonic pulse by the transducer and propagates through the sample until it reaches the far 
wall of the measurement cell, where it is reflected back to the transducer. The transducer 
now acts as a receiver and converts the ultrasonic pulse into an electrical pulse, which is 
then either displayed on the oscilloscope or acquired by the computer. Because each 
pulse is partially transmitted and partially reflected at the cell walls, a series of echoes are 
obtained from which the velocity, attenuation coefficient and acoustic impedance are 
determined. Because each echo travels a distance twice the cell length (d) further than 
the previous one, the velocity can be calculated by measuring the time interval t between 
successive echoes: c = 2 d/t. The attenuation coefficient is determined by measuring the 
amplitude of successive echoes: A = A , exp 2 ad. Finally, the acoustic impedance can be 
determined by measuring the fraction of an ultrasonic wave that is reflected from the 
surface of the material. 

Pulse-echo measurements have for a long time been the most popular in ultrasonic 
analysis, particularly of liquids, by virtue of the simple construction of ultrasonic cells and 
electronics, and the lower cost of the instrumentation. The greatest disadvantage of these 
measurements has traditionally been the relatively high measuring cell volumes required 
for precise measurements. The pathway of the ultrasonic pulse should be long enough to 
allow the propagation time and the amplitude decay to be detected with adequate resolu¬ 
tion. This has restricted the use of the pulse technique in some fields of research — par¬ 
ticularly in biomolecular studies, where liquids or their components are extremely 
expensive. 

The frequency-dependent ultrasonic properties of a material can be measured in 
almost exactly the same manner by using this approach and the transmission-based one, 
except that a single transducer is used to both generate and receive the ultrasonic pulses. 
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Also, the velocity and attenuation coefficient are calculated in exactly the same manner 
as described for the transmission technique, except that the pulse now travels a distance 
2d rather than d. 


Interferometric measurements 

In an interferometer, the sample is held in a measurement cell located between an ultra¬ 
sonic transducer and a movable reflector plate. Usually, a sinusoidal electrical or light 
signal of a specific frequency is applied to the transducer for conversion into a sinusoidal 
ultrasonic wave that propagates into the sample and is reflected back-and-forth between 
the reflector plate and the transducer; this produces standing waves in the sample. As the 
reflector plate is moved vertically through the sample, the amplitude of the signal received 
by the transducer goes through a series of maxima and minima as destructive and con¬ 
structive interference occurs. The distance between successive maxima is equal to half 
the ultrasonic wavelength of the material, so the velocity can be calculated as c = f/ 1. The 
amplitude of the maxima decreases as the distance between the reflector plate and the 
transducer is increased through attenuation by the sample, reflection at the boundaries 
and diffraction. The attenuation coefficient is determined by measuring the amplitude of 
the maxima and minima as a function of distance for the sample and for a calibration 
material. The measurement accuracy can be improved by measuring the amplitude of, 
and distance between, a large number of successive maxima. The frequency of mea¬ 
surements is dictated by the resonant frequency of the crystal in the transducer. Crystals 
can be operated at odd-harmonics of their resonant frequency (f R , 3 f R , 5f R , etc.), so mea¬ 
surements can be made over a wide range of frequencies by using a single transducer. 
However, measurements must be carried out separately at each individual frequency, 
which is more labour intensive and time consuming than with the above-described 
broad-band pulsed techniques. Some interferometers use tone-burst signals rather than 
continuous sinusoidal waves, so the ultrasonic energy is not applied continuously to the 
sample. 

Laser interferometry employs the principle of optical interference to recover the sought 
acoustic information from the light reflected from, or scattered by, a surface under ultra¬ 
sonic vibration. Its non-contact nature makes laser probing a preferred alternative to con¬ 
tact methods in studying surface waves, their diffraction and damping by intrinsically 
rough surfaces. 


Resonance measurements 

Ultrasound resonance spectroscopic measurements are commonly obtained by applying 
a broad-pulse and selecting the frequency at which the sample enters into resonance at 
the frequency concerned. Under these conditions, the velocity, attenuation, impedance 
and other characteristics of US can be measured and subsequently processed as 
required. 


Back-scattered Rayleigh surface wave measurements 

A back-scattered Rayleigh surface wave is the leaky ultrasonic energy returning to a 
transmitting transducer — along the opposite direction to the incident beam — from the 
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backward propagating leaky surface wave, which is converted from the forward surface 
wave generated in the incident region. When US impinges at a certain angle near the 
Rayleigh critical angle onto a specimen immersed in water, a Rayleigh surface wave is 
generated by mode conversion that propagates along the plate and is reflected at the 
edge of the specimen. A portion of its energy leaks into water and can be detected with 
a transducer. In performing pulse-echo measurements of ultrasonic back-scattering, one 
can acquire three types of responses, namely: (1) direct scatter at the incident position; 
(2) leak of the Rayleigh surface wave propagating backward upon impingement on a 
microstructure; and (3) leak of the Rayleigh surface wave reflected at the edge of the 
specimen. The last, which is often called the “averaging method”, provides the highest 
amplitude that can be detected and processed without spatial averaging, so it is the most 
frequently used. 


Diffraction measurements 

Diffraction as a secondary parameter for deriving information about liquids and slurries is 
measured by placing a grating surface in contact with the sample. The ultrasonic beam 
from the transducer strikes the back of the grating and produces a transmitted m = 1 
beam in the liquid the angle of which increases with decreasing frequency, the critical fre¬ 
quency (F CR ) occurring at an angle of 90°. At frequencies below F CR , the m = 1 beam does 
not exist and its energy is shared with the other types of waves. Under these conditions, 
the signal of the reflected m = 0 wave is observed and an increase in the signal results 
at F cr . This information is used to calculate the velocity of sound in the liquid and the 
particle size [82]. 


9.5.4. Signal processing 

A number of modern processing routines and software are used to analyse the data 
obtained by US interrogation in order to improve their quality. Thus, averaging a large 
number of signals reduces the inherent noise which can often obscure the information of 
interest. High-frequency noise is also reduced by digital smoothing, which works by 
replacing each point of the received signal with an average of itself and its nearest neigh¬ 
bours. In many applications, the desired information is contained in the frequency spec¬ 
trum of a signal and can be obtained from a digitized signal in the time domain using 
Fourier Transform (in the direct, fast or short-time versions) by calculating the magnitude 
and phase of a series of sine waves of different frequency which makes up the signal in 
the time domain. This is particularly useful for analysing the frequency content of broad¬ 
band ultrasonic pulses as it means that measurements can be made over a wide range 
of frequencies by using a single pulse rather than the more labour-intensive and time- 
consuming method of making measurements at each individual frequency under tone- 
burst or continuous-wave excitation. 


9.6. ULTRASOUND-BASED DETECTION TECHNIQUES 

Ultrasound-based detection techniques constitute a broad group of techniques that use 
ultrasound energy to interrogate and measure the response of a given specimen or only 
as interrogating force. These techniques have been named according to the way US is 
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applied, detected and processed. No conceptual distinction has been made, however, 
between techniques and methods, which has raised confusion in this field. 

In order to facilitate the designation of similar techniques differing only slightly, the 
word “mode” is used here to distinguish them according to their essential characteristics. 
Such characteristics are included in their names. 


9.6.1. Ultrasonic spectrometry 

General ultrasonic spectrometry relies on direct measurements of the physical changes 
caused by the US-sample interaction, namely: velocity changes and attenuation of the 
radiation. The different modes of this technique arise from factors such as (1) the way US 
is applied (e.g. as a single frequency, broad-band pulses, scanning frequency), after 
which modes are named; (2) the way US impinges on the sample (normal, parallel, 
oblique), after which the waves produced in the material (longitudinal, shear, oblique) are 
named; (3) the way the experimental data provided are used (viz. amplitude or phase 
spectra) or processed (viz. frequency or time domain). 


9.6.2. Ultrasound resonance spectrometry 

The underlying principles of this technique are discussed in Section 9.5, where the differ¬ 
ences between its application to liquids and solids are established. 

Notwithstanding its significant potential for high-resolution ultrasonic measurements in 
the analysis of liquids, this technique has for a long time been used mainly by professional 
ultrasonic laboratories. More widespread use of US for liquid monitoring and analysis has 
been limited by hindrances such as the following: 

(a) the inability to perform measurements involving simple cell filling, short measuring 
times, automatic operation, effective stirring, and the use of unstable organic sol¬ 
vents, acids and bases, among others; 

(b) the large volume of measuring cells and high cost of analyses, especially with expen¬ 
sive liquids; 

(c) the poor resolution of measurements, which is limited to 10 _3 % for ultrasonic velocity 
and about 1% for attenuation even with specialized sophisticated scientific devices in 
most cases; 

(d) the difficulty of interpreting ultrasonic characteristics, which hinders use in routine 
analyses. 

Recent advances in ultrasonic resonators have facilitated the development of inexpen¬ 
sive, convenient devices for fast measurement of ultrasonic velocity and attenuation in 
small volumes (down to 0.1 ml) with resolution better than 10 _4 % for velocity and 0.1% for 
attenuation. In addition, comprehensive studies on ultrasonic parameters of liquids in a 
number of laboratories over the last decade have provided a solid background for the 
interpretation of ultrasonic data. 

One variant of RUS, the resonant sphere technique (RST), is of special interest in this 
context as a spherical specimen can be readily made accurately and its natural frequen¬ 
cies solved theoretically as shown by Fraser and LeCraw [83], whose methodology was 
subsequently refined by Soga and Anderson [84]. Recently, Yaoita et al. showed that, 
because RUS is based on the principle that the mechanical resonant response of solids 
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depends on their elastic moduli, shape and density, these properties can be identified 
from resonant frequencies as the inverse problem. In this way, a method for determining 
the elastic moduli of spherical specimens in the absence of information about resonant 
mode was developed [85] and the following facts have been confirmed: (a) resonant fre¬ 
quencies have to be measured under free-surface conditions; (b) the number of resonant 
frequencies used in calculations must be high enough to include the sensitive mode to 
Poisson’s ratio. 

One of the advantages of RUS for the analysis of solids is that it can use small sam¬ 
ples — as small as a single crystal — for measurement. Recently, this technique has 
proved useful for determining the dependence of the modulus and attenuation of single¬ 
crystal La 2 _ x Sr x Cu0 4 in the low doping region (x= 0.01) on the temperature and magnetic 
field up to 7 T working in the 0.1-2 MHz frequency region [86]. 

One recent example of the flexibility of RUS is its use to determine the elastic stiffness 
coefficient of thin films through free-vibration resonance frequencies of a film-substrate¬ 
layered solid and to measure deformation distributions on the vibrating specimen by 
laser-Doppler interferometry [87]. 


9.6.3. Laser-based ultrasound detection techniques 

Laser-based ultrasonic techniques possess many attractive features including the ability 
to make non-contact, non-destructive and remote measurements. These optical detection 
modes have a relatively low sensitivity relative to their contact transducer counterparts 
wherever available. In fact, their sensitivity is typically one or two orders of magnitude 
lower than that of contact transducer modes. 

This lack of sensitivity is the source of a major problem with all-optical acoustic micro¬ 
scopes, where measuring expeditiousness is usually essential. It should be noted that the 
SNR of an all-optical system in the thermoelastic regime is proportional to P gen ^P det , 

where P gen is the optical power used to generate the acoustic wave and P det that used to 
detect it. This relationship indicates that much more can be gained, in terms of SNR, by 
increasing the total generation power rather than the detection power. Usually, the maxi¬ 
mum amount of generation power that can be used is restricted by the risk of surface 
damage, whereas that of detection power is usually limited by financial cost. Using tai¬ 
lored generation-distributions helps overcome the limitation associated with the risk of 
damage and allows the SNR to be increased by using more generation power. 


Acoustic microscopy (AM) 

Acoustic microscopy (AM), also known as “scanning acoustic microscopy” (SAM), uses 
transmitted ultra high-frequency US in the range from 10 MHz to 2 GHz to produce 
images, mainly of biological structures, with a resolution approaching that of light 
microscopy. This technique, which is usually sensitive to the mechanical properties of the 
materials under inspection and contrast, provides useful information about the physical 
structure of the sample. There are two major AM modes that differ in whether or not a 
couplant (usually water) is used in order to allow acoustic waves to be coupled into the 
sample. In the former case, the couplant can pose problems such as contamination of the 
material surface, perturbation of measurements and restriction of access to samples with 
complex geometries. The first problem may be the main reason why SAM has not been 
widely adopted in some areas (e.g. the semiconductor industry); the second is a major bar 
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to the use of SAM for quantitative measurements (of velocity and attenuation) and for 
revealing some types of contrast; the third may restrict examination of real industrial 
components such as turbine blades. Despite these problems, there are obvious advan¬ 
tages in being able to make remote measurements in many circumstances where direct 
contact with the sample may be difficult. 

The so-called “scanning acoustic microscope” has a transmitting and a receiving US 
transducer between which the target specimen is placed. Specimen areas of approxi¬ 
mately 250 pm 2 can be scanned within about 2 s with highly focused US. The pixel size 
in the final image is approximately 1 pm, and the image contrast (i.e. the pixel intensity or 
grey level) is determined by the US attenuation, which, at GHz frequencies, is determined 
mainly by the elasticity of the specimen components. 

In addition to the conventional focus of the US beam on small sample surfaces, 
the laser transmitting transducer can drive to the sample a line-focus-beam by using 
a cylindrical lens to obtain leaky SAWs [42]; alternatively, a computer-generated hologram 
can be used to produce Rayleigh surface waves with a circular wavefront [88]. In this way, 
a wide range of parameters including bulk acoustic wave velocities, dielectric constants 
and densities in both isotropic and anisotropic materials can be determined. Strict control 
of the instrument and room temperature increases measurement reproducibility at 
a single point to ±0.002% [42]. 


Brillouin scattering spectroscopy (BSS) 

This ultrasonic-optical technique (or half-optical technique [89]) was also a hyphenated 
technique in terms of energy sources (viz. thermal and optical for phonon and photon pro¬ 
duction, respectively). Thermal surface phonons restrict practical application of the tech¬ 
nique owing to their low scattering efficiency, which results in overly long data collection 
times (typically several hours for a single spectrum, even with advanced multipass inter¬ 
ferometers). Similar to active Raman spectroscopy, coherent acoustic phonons are 
assumed to be excited by two narrow-line frequency tunable laser beams at different 
frequencies or by laser pulses of short duration compared to the acoustic period. 

Brillouin scattering spectroscopy is a hypersound technique as Brillouin peaks 
corresponding to acoustic modes with frequencies below a few hundred kilohertz can 
hardly be discriminated from the central Rayleigh line; this makes measurements of 
photon-phonon interactions at low frequencies impracticable, even if Brillouin scattering 
is stimulated [90] and (or) acoustic diffraction applied [91]. Unfortunately, the amplitude 
of the spontaneous density fluctuations is too small to be directly detectable by acoustic 
methods and to be clearly resolved from the noise that is produced in the measuring 
devices themselves. Increasing the SNR therefore entails feeding a small disturbing 
signal to the sample and detecting the response. Based on the time dependence of 
the excited signal, BSS can be implemented in the time-domain or frequency-domain 
mode. 

Time-domain BSS. Because counter-propagating acoustic waves produce a standing 
wave, the diffracted intensity oscillates in time and the oscillation can be recorded by 
using a fast photodetector and a digitizing oscilloscope; a surface phonon spectrum can 
thus be obtained from a Fourier-transform of the data. 

Frequency-domain BSS. In this mode, the spectrum of the diffracted probe light is 
obtained by using a Fabry-Perot interferometer. Light is diffracted by incoherent thermal 
phonons and the scattering wavevector is determined by the detection angle, which can 
be accurately fixed by limiting the collection aperture. 
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9.6.4 Ultrasonic relaxation spectroscopy (URS) 

Ultrasonic relaxation spectroscopy (URS) is nothing but a special treatment of data from 
ultrasonic absorption measurements. Micelle dynamics involves characteristic relaxation 
processes, namely: micelle-monomer exchange and micelle formation-breakdown. 
Ultrasonics can provide information about the kinetics of the latter, the fast relaxation 
process; also, theoretical expressions for the relaxation time and relaxation strength such 
as those derived by Teubner [76] provide self-consistent estimates of both. 


9.6.5. Ultrasonic diffraction grating spectroscopy (UDGS) 

This is a new technique also involving measurements of parameters of the secondary type 
that was recently developed and required much research to confirm the initial findings and 
broaden its scope. As established by its developers, the purpose of this technique is to mea¬ 
sure the speed of sound in liquids [92] and slurries, and the particle size of slurries [82]. To 
this end, ultrasonic diffraction grating is used; the grating is obtained by machining parallel 
triangle-shaped grooves spaced 300 pm apart with 120° included angle on the flat surface of 
a half-cylinder of 5.08 cm diameter and 3.8 cm height. The grating is placed in an immersion 
chamber and the send and receive transducers are mounted on brackets at an angle of 30° 
with respect to the normal. A tone-burst signal of the desired frequency is delivered to the 
send transducer, the longitudinal wave formed striking the back of the grating at an incident 
angle of 30°. The receive transducer measures the reflected diffracted m = 0 longitudinal 
wave. As the frequency decreases, the m = 1 transmitted longitudinal wave in the liquid moves 
to a larger angle. For water, the angle becomes 90° at a frequency of 5.67 MHz. At such a 
frequency, called the “critical frequency”, the wave becomes evanescent, and, at a slightly 
lower one, the evanescent wave disappears. In order to conserve the energy, this is redistrib¬ 
uted to all other waves, so an increase in amplitude of the reflected m = 0 signal is observed. 
The utility of UDGS for measuring particle size arises from the fact that the evanescent wave 
penetrates into the slurry: as the wave interacts with the particles, some signal attenuation 
occurs and as a result the signal measured by the receive transducer decreases in amplitude. 
An appropriate algorithm can be used to determine the particle size. 

Higher sensitivity and more comprehensive information can be obtained by modifying 
the experimental design as follows: mounting the immersion chamber on a turntable that 
is motorized and computer-controlled to an angular placement with an accuracy of 0.1°. 
The receive transducer is mounted on the non-rotating base of the turntable so it cannot 
move. The desired angle between the send and receive transducers is obtained by rotat¬ 
ing the turntable with the immersion chamber with the attached send transducer. The data 
acquisition system consists of a commercially available pulser-receiver card and a digi¬ 
tizer card mounted on a PC. The pulser emits a sinusoidal tone-burst signal having an 
amplitude of about 330 V peak-to-peak of the desired frequency. A grating equation and 
one for the critical angle have been established, and the peak width has been found to 
decrease and peak height to increase with increasing number of illuminated grooves. Two 
types of measurements are thus possible in UDGS, namely: (a) scan over frequency 
range using a fixed angle between transducers, and (b) scan over angular range using a 
fixed frequency tone-burst signal. The information about transmitted longitudinal (both 
m = 0 and m = 1) waves provided by the instrument can be expanded by including a 5-MHz 
shear wave transducer. No m = 1 transmitted longitudinal wave exists below the critical 
frequency, so the grating and the blank (i.e. a unit with the same dimensions as the grat¬ 
ing, but a smooth face) behave similarly. Above the critical frequency, the energy is shared 
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by the m = 0 and m = 1 transmitted longitudinal waves. At the critical frequency (that is, 
during the transition), the energy is shared primarily by the reflected m = 0 shear wave and 
the m = 0 transmitted longitudinal wave. 

Further research is needed with a view to obtain comprehensive information about 
scans over angle and over frequency. In the former, positioning the send transducer at a 
30° angle, using the receiver to observe the m = 1 transmitted wave in the liquid and rotat¬ 
ing the immersion chamber over selected angle ranges produces peaks of decreased 
amplitude for water and increased amplitude for 30% sugar solutions. This effect occurs 
even before the m = 1 wave becomes evanescent. In the case of scan over frequency, the 
differences between water and 30% sugar in water depart from the predictions. Further 
research is therefore needed for effective exploitation of this new technique. 


9.6.6. Other ultrasound-based detection techniques 

Pulsed Fourier-transform ultrasonic spectroscopy 

This US-based technique, devised for operation at room temperature [93], has so far been 
scarcely used but was recently employed in studies at ultra-low temperatures in a manner 
similar to pulsed FT-NMR. It provides several advantages over conventional time-of-flight 
acoustic techniques [94] the most significant of which is the ability to observe the fre¬ 
quency spectrum while independently tuning the temperature, pressure and magnetic 
field. Using longitudinal LiNb0 3 transducers operating both on- and off-resonance allows 
several broad-band frequency windows (namely, 16-25, 60-70 and 105-111 MHz) to be 
studied. Interferences from echoes are avoided by analysing direct transmitted signals 
only, which involves zero-blanking long time-periods. 


9.7. GENERAL SCHEMES OF ULTRASOUND-BASED SPECTROSCOPIC 
INSTRUMENTS 

9.7.1. Laboratory-made instruments for ultrasound-based measurements 

Laser-based ultrasound approaches 

The most recent US-based measurement methodologies are based on laser sources and 
are of two general types, namely: (a) all-laser approaches, where both US generation and 
detection are laser based; and (b) half-laser approaches, where laser light is used either 
for generation or detection of US, but not both. 

Laser-ultrasound resonance (LUR) for solid analysis. A prototype of an instrument 
that can be used on-line as shown by its installation at an inspection line in Cleveland [95] 
is described as an example of LUR for solid analysis. 

The instrument. Figure 9.13 shows a typical set-up for implementing LUR measure¬ 
ments in solids. It consists of (1) a pulsed excimer laser to generate an ultrasonic pulse 
in the solid (a metal sheet) and (2) a laser interferometer to detect the ultrasonic signal 
that reverberates in the sheet thickness. The signal detected by the laser interferometer 
is analysed using Fourier Transform to locate resonance frequencies associated with lon¬ 
gitudinal and shear propagating modes. The ultrasonic parameters are associated with 
sheet thickness, texture coefficients and mechanical properties with provision for the 
facts that one polarization exists for longitudinal waves (L), with vibrations parallel to the 
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Figure 9.13. Basic components and configuration of LUR spectroscopy. The pulsed 
source of radiation for ultrasound generation can be placed either on the same side as 
the detection laser and interferometer or on the opposite side. (Reproduced with permis¬ 
sion of Elsevier, Ref. [95].) 


thickness direction, and two for shear waves [95]. A UV light pulse from the excimer laser 
is shone on the metal surface to generate the US because US light is better absorbed by 
metals and oils (used to lubricate or to protect the surface against oxidation) than other 
radiation. Typically 100-200 mJ of UV radiation in pulses lasting 3-6 ns can be focused 
on an area a few millimetres in diameter. If the pulse energy density (the fluence) is large 
enough, the UV light pulse causes slight ablation of the surface — or of the dirt and oil 
present on the surface — and the recoil energy generates an ultrasonic pulse in the direction 
normal to the sheet surface. This ultrasonic pulse is broad-band in its frequency content 
(typically between 1 and 40 MHz or higher). A laser interferometer is used on either side to 
sense the surface displacement caused by each successive echo. The interferometer’s main 
components are a long pulse, 3 kW peak power, Nd:YAG laser and a confocal Fabry-Perot 
interferometer which has a large light gathering capability and is insensitive to speckles. The 
instrument is not in contact with the sample: the stand-off distance which may be as large as 
required, but is usually set to about 30 cm. Vertical motion of the moving sheet has no effect 
as long as the sheet remains within the depth of focus of the focusing optics (a few centime¬ 
tres). Line speeds of up to tens of metres per second, depending on the optical properties 
of the Fabry-Perot cavity and the sheet surface, are possible. 

Measurements and information. A single broad-band longitudinal pulse is used to excite 
the entire frequency range of interest and self-conducted mode conversion allows shear 
and longitudinal resonances to build up. The identification of all through-thickness reso¬ 
nances occurs simultaneously and allows nearly instantaneous measurement at 
a single location of the moving sheet. The order of the harmonics is determined from 
a priori knowledge of the approximate sheet thickness and sound velocity. Alternatively, 
the approximate sheet thickness may be obtained from the time delay between the first 
two longitudinal echoes and an approximate value of the longitudinal sound velocity. 
The fundamental frequency of each propagating mode is obtained by measuring the 
frequency at the maximum of the selected resonance and dividing it into the order of the 
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harmonic. Interpolation methods may be used to evaluate the resonance frequencies with 
increased precision. 

Brillouin scattering spectroscopy. The present interest in this acoustic-optical 
technique and the use of laser sources to generate both types of energy warrant detailed 
description of the measuring instrument. 

The instrument. Figure 9.14 is a block diagram of the instrument for BSS designed by 
Kaatze et al. [96], the central part of which is a pair of thermally coupled laser light 



Figure 9.14. Brillouin spectrometer using fibre optics to increase the signal-to-noise ratio. 
(1) Light source consisting of a master laser: (la) a slave with matched frequency (1b) and 
control unit (1c) for sensitive stabilization of the difference frequency Sv. (2) Signal splitter. 
(3) Fibre coupler. (4) Polarizer. (5) Chopper. (6) Lens. (7) Cuvette placed on a goniometer. 
(8) Termination. (9) Slit. (10) Broad-band (10 GHz) APD. (11) Photodiode with a smaller 
bandwidth (1 GHz). (12) Spectrum analyser (10 GHz) for controlling the intermediate fre¬ 
quency Sv. (13) Spectrum analyser (1 GHz) for the measurement of the half-power band¬ 
width, Av, of the Brillouin peak. (14) Amplifier system. (15) Process control computer. 
(Reproduced with permission of Elsevier, Ref. [96].) 
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sources — preferably two single-axial mode, continuous-wave (cw) output, frequency- 
doubled Nd:YAG lasers equipped with monolithic ring resonators. Such lasers ensure 
stable signals at A Nght = 532 nm (corresponding to t> Nght = 5.6 x 10 -14 s -1 ) with frequency 
jitter smaller than 150 kHz/s. They provide a tuning range of 10 GHz in their output fre¬ 
quency; hence, if the lasers are carefully selected in order to ensure appropriate frequency 
overlap, then the frequency of their difference signal will span the whole frequency range 
from the unshifted Rayleigh line to a Doppler-shifted Brillouin peak. Since the difference 
frequency can be measured very accurately with electronic counters, the frequency reso¬ 
lution in this type of measurement is much higher than in the optical filter methods. A sen¬ 
sitive avalanche photodiode (APD) with a small bandwidth of about 1 GHz is used for 
signal detection after scattering. In order to cover the whole frequency range from about 
10 MHz to 10 GHz, which, in principle, is usable in Brillouin spectroscopy, the frequency 
v of the master laser (the signal source) or that of the slave laser (the local oscillator) has 
to be tuned by about 10 GHz. For this purpose, part of the light from both lasers is mixed 
in a broad-band APD and recorded by a spectrum analyser, the output signal of which is 
used for frequency control of the laser system. In order to obtain stable difference signals 
of such small intermediate frequency, the master and the slave laser must be thermally 
coupled. Also, in order to reduce unwanted disturbances from outside light sources, the 
instrument is based on fibre-optic technology. 

Measurements and information. Signal processing allows both time- and frequency- 
domain information to be obtained depending on the type of specimen studied. In addition, 
the use of frequency-tunable laser to generate density variations within the sample results 
in thermal expansion by absorption of light. Compared to spontaneous Brillouin scattering, 
the SNR in this “forced” Brillouin spectrometry is substantially enhanced by the generation 
of coherent phonons within the sample. 

Acoustic microscopy. Although this technique is mainly used in the medical field, var¬ 
ious interesting analytical applications have been developed and analytical chemists are 
encouraged to contribute new ones by exploiting advances in instrumentation in this field. 
An acoustic microscope, which also constitutes an example of a half-laser instrument, is 
described below. 

The instrument. Figure 9.15 is a schematic diagram of an all-optical SAM operating at 
82 and 164 MHz [97]. The generating laser is a 2 W (average power), Q-switched, mode- 
locked lamp pumped Nd:YAG laser with a Q-switch frequency of 0.1-5 kHz and a funda¬ 
mental mode-locking frequency of 82 MHz. It produces a tone-burst of 30 short pulses 
separated by 12.1 ns every 500 ps. A computer-generated hologram is used to produce 
16 arcs with a mean focal length of 2 mm on the sample, the separation of the arcs 
depends on the material velocity. The detector is a knife-edge design using a split photo¬ 
diode and a differential rf amplifier instead of a simple knife edge. Signals are captured 
by a simple phase and amplitude measuring system. The phase is measured with respect 
to a reference signal from the generating laser’s mode-lock driver, which is coherent with 
the laser pulses. The sample and detector are mounted on scanning stages, thus allow¬ 
ing the scanning of the sample in order to build up an acoustic image and of the detec¬ 
tor to examine the resulting distribution of ultrasound. 

Measurements and information. The above-described instrument can form images at 82 
and 164 MHz with a signal bandwidth around 5 MHz. In order not to narrow such a band¬ 
width, the maximum number of lines or arcs used must not exceed 16. The microscope 
currently uses various computer-generated holograms to tailor the optical distribution on 
the sample surface and is being converted to use an SLM. The stand-off distance from 
the optics to the sample is around 50 mm, which is determined by the need to resolve the 
SAWs at 164 MHz. 
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Figure 9 . 15 . Schematic diagram of an all-optical SAM. For details, see text. 
(Reproduced with permission of Elsevier, Ref. [97]). 


9.7.2. Commercial instruments for ultrasound-based measurements 

Present commercially available US-based instruments can be crudely grouped into those 
involving discrete frequency scanning and those using broad-band pulses. The former use 
relatively sophisticated electronics to maintain a steady continuous wave (cw) and often 
require multiple transducers to provide the required frequency range; the latter are signifi¬ 
cantly less complex. This reflects in their price and extent of use. One example of a cw 
device, the Ultrasizer, from Malvern, UK, out of the market at present, utilizes the attenua¬ 
tion spectrum for complete particle size characterization of colloidal systems with accuracy 
comparable to that of optical detectors. By contrast, the pulse-based instrument UVM1 
(Cygnus Instruments, UK) only provides speed of sound values, albeit at a fraction of the 
cost. The two instruments also differ in operational time, with the former taking up to 5 min 
for a single reading as opposed to 30 readings per second in the latter — expeditiousness 
is mandatory for commercial and on-line systems. The possibility of producing more com¬ 
plex ultrasonic data from a pulse-based system was first envisaged by McClements and 
Fairley [98], who developed the FSUPER (frequency scanning pulse echo reflectometer) to 
obtain attenuation spectra from simple broad-band pulses. The instrument was subse¬ 
quently modified [99] to obtain phase velocity spectra. 

However, pulsed US devices are subject to several shortcomings, namely: (1) the need 
for reference fluid calibration, success of which relies on reference fluid integrity, reference 
value and temperature measurement accuracy and the absence of thermal expansion of 
the cell after calibration; (2) probe delay, diffraction and impedance mismatches between 
the reference and test fluid; (3) low accuracy and repeatability; (4) a limited range of ultra¬ 
sonic parameters, with systems often specializing in either time-domain or frequency- 
domain data, but not both. These shortcomings can be circumvented by making 
measurements over a range of distances; this avoids the reliance on absolute distance 
measurements, allows same-fluid normalization of amplitude data and intrinsically aver¬ 
ages measurements for improved accuracy and repeatability. 
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A number of firms in various countries (e.g. RITEC, Inc. in USA, Ultrasonic Sciences, 
Ltd. and Cygnus Instruments, Ltd. in UK, Mittal Enterprises in India) commercialize 
instruments for laboratory analysis in addition to small equipment for ultrasonic inspection, 
usually based on multiple echo measurements, and portable equipment of very small 
dimensions for applications such as the following: 

(1) Metal thickness monitoring on cranes, marine structures and conveying systems; 

(2) Corrosion checks on ship shell plates, bulkheads and structures; 

(3) Metal thickness safety checks on steam and pressurized water systems, trans¬ 
portable gas containers and compressed air systems; 

(4) Systematic wall thickness and corrosion monitoring of storage tanks and process 
vessels; 

(5) Quality assurance of metal thickness checks; 

(6) Maintenance and safety checks on bridges and street lighting columns; 

(7) Pipeline wall thickness monitoring. 

Also, small animal scanners that operate at frequencies beyond 40 MHz, thereby 
making US biomicroscopy (UBM) practical, have recently become available and tested in 
biomedical US research. These scanners have also been used together with optical 
coherence tomography, which measures low-coherence optical interferometry to obtain 
micron-scale resolution tomographic images of subsurface tissue. 

Note that US-based detector manufacturers are usually reluctant to provide technical 
information and schemes of their instruments (e.g. types of components, assembly, 
performance). By exception, Dr. Dukhin has kindly allowed part of the description of the 
DTI 00 acoustic spectrometer [100] to be included in this section. 

Dispersion Technology DTI00 acoustic spectrometer. This instrument is a modern 
example of commercial equipment which, in its basic design, follows the transmission 
tone-burst variable gap technique pioneered by Andreae [101-103]. Figure 9.16A shows 
a photograph of a typical unit. 

The instrument. Figures 9.16 and 9.17 show the two parts that make up the instrument 
(viz. the measuring unit and the associated electronics, respectively). 

Figure 9.16A shows the whole instrument and Fig. 9.16B the two different views of the 
acoustic sensor, the portion of the measuring unit that contains the sample being measured 
and positions the piezoelectric transducers appropriately for attenuation measurements. 
The sensor utilizes two identical piezoelectric transducers separated by an adjustable gap 
that is controlled via a stepping motor. Each transducer has a quartz delay rod providing a 
delay of 2.5 ps. The transmitting transducer (on the right side of the photographs) is fixed, 
but has an accurately set adjustment that keeps the two transducers parallel. The receiving 
transducer (on the left side) is mounted on a piston assembly the position of which can be 
adjusted. The gap between the face of the transmitting and receiving transducers can be 
set from close to zero up to 20 mm. The moving piston is sealed against the sample by a 
wiper seal and supplemental O-rings. The space between the seals is filled with fluid to keep 
the withdrawn portion of the piston wetted in order to prevent build-up of any dried deposit. 
Ports associated with this space between the seals can be used to periodically inspect the 
intra-seal fluid for contamination. The presence of any contamination serves as advance 
warning of potential seal degradation when making continuous measurements of highly 
aggressive samples (e.g. concentrated Portland cement). The position of the receiving 
transducer piston is controlled by a stepping motor linear actuator that is in turn controlled 
with a precision of a few microns via the associated electronics and software. The sample 
is held in the space between the transducers. Depending on the particular implementation, 
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Figure 9.16. (A) The Dispersion Technology DT100 acoustic spectrometer. (B) 
Perspective and top views of the acoustic sensor (Reproduced with permission of 
Elsevier, Ref [100].) 


the sample can be stirred with a magnetic stir bar, pumped through the sensor by a peri¬ 
staltic pump or not stirred at all. When the piston is fully withdrawn, the transducers are 
essentially flush with the walls of the sample compartment to facilitate cleaning. During 
operation, tone-bursts at selected frequencies are applied to the transmitting transducer. 
The amplitude of the received pulses, which are subject to some delay, is then measured. 

As can be seen in the block diagram of Fig. 9.17, the electronics unit comprises a fre¬ 
quency synthesizer 30 that generates a continuous wave (cw) rf signal 31, a field program¬ 
mable gate array 32 (FPGA) controlled by the host computer via a digital interface 60 that 
generates transmit gate 33, an attenuator control 34, a receive gate 35, a switch control 36, 
and an A/D strobe command 37. The transmit gate 33 is used by the gated amplifier 38 to 
form a pulsed rf signal from the synthesizer cw signal 31. A power amplifier 39 increases 
the peak power of this rf pulse to approximately 1 W. A directional coupler 40 provides 
a low-loss path for the forward signal from the power amplifier to the transmit switch 41, 
which then routes the 1 W rf pulse 61 to any of the three channels, labelled A, B and C 
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Figure 9.17. Block diagram of the electronics of the DTI00 acoustic spectrometer. 
(Reproduced with permission of Elsevier, Ref [100].) 


according to the FPGA switch control 36. Channel A is called the reference channel; in this 
case, the output pulse is routed to a precision fixed 40 dB reference attenuator 42 the output 
of which is connected to channel A of the receive switch 43, where it is then routed to the 
rf input signal 44. The rf input signal is connected to a wide band rf amplifier 45 having 
a programmable gain set by FPGA attenuator control 34, and thence to a gated amplifier 46 
controlled by the FPGA receiver gate 35, which allows only pulses arriving within a preset 
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time interval to pass, and hence to a quadrature mixer 47 keyed by the synthesizer output 
31, which demodulates the received signal and provides analogue pulses 48 and 49 propor¬ 
tional to the in-phase and quadrature components of the received rf pulse, respectively 
thence to separate matched filters 50, 51 for the in-phase and quadrature components, 
thence to a dual A/D converter 52 which digitizes the peak amplitude of these quadrature 
signals upon an A/D strobe command 37, thence to a digital signal processor (DSP) 53 chip 
that accumulates data from a large number of such pulses and generates statistical data on 
a given pulse set. Finally, this statistical data is routed to the computer bus 54 so that the 
data can be analysed to determine the amplitude and phase of the input signal level 44 
for this reference condition. This reference signal level is computed in the following way: the 
statistical data from the two-channel A/D provides an accurate measure of the in-phase 
and quadrature components of the received signal at the A/D input, the magnitude being 
computed by calculating the square root of the sum of the squares of these two signals. 
The phase is computed from the inverse tangent of the ratio of the in-phase and quadrature 
components, and the magnitude of the rf input signal 44 is then computed by taking 
into account the overall gain of the rf signal processor as modified by the gain control 
signal 34. 

The use of this reference channel with a known attenuation allows the attenuation to 
be measured precisely when using the remaining channels B and C. Since the input 
signal level for the 40-dB reference attenuator is known, any increase or decrease in this 
signal when using either of the other channels will be proportional to any increase or 
decrease with respect to this 40 dB reference value. When the transmit switch and 
receive switch are set to position C, the pulsed rf signal is routed to the transmit 
transducer in the acoustic sensor, where it is converted to an acoustic pulse and 
launched down the quartz delay rod. A portion of the pulse is then transmitted into the 
sample, traverses it, is partially transmitted into the quartz delay rod of the receiving 
transducer and, after passing through this delay rod, is converted back into an electrical 
pulse. The received pulse is then routed to port C of the receive switch for processing by 
the receiver. 

Measurements and information. The above-described instrument can perform 
measurements for just one frequency or for a chosen set of frequencies from 1 to 100 
MHz. Typically, the system averages at 800 pulses, but may accumulate as many as sev¬ 
eral million pulses if necessary in order to ensure an acceptable SNR. The number of 
pulses measured will depend on the properties of the particular sample. For example, 
concentrated slurries at high frequency and large gaps may require a large number of 
pulses. Since the attenuation is determined by measuring the relative change in signal 
versus the relative change in gap, one need not know the absolute value of the gap pre¬ 
cisely. The precision with which the relative gap can be measured is determined by the 
accuracy of the lead screw used in the linear displacement stepping motor. However, 
the absolute position is calibrated to an accuracy of just a few microns the first time a 
measurement is made after the program is started. Calibration is carried out simply by 
moving the receiving transducer towards the transmitting transducer long enough to 
ensure that the two have contacted one another and the motor has stalled in that posi¬ 
tion. The gap position is then reset, so additional measurements are made relative to this 
known initial position. 

Measurements are made by using a defined grid consisting of a certain number of 
frequencies and gaps. By default, the system selects 18 frequencies between 1 and 
100 MHz in logarithmic steps, and 21 gaps between 0.15 and 20 mm, also in logarithmic 
steps. These grid values may be modified automatically by the program, depending on the 
available knowledge about the sample, or manually by an experienced user. 
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9.8. CONCLUSIONS 

Because the principal aim of this chapter is to arouse the interest — or at least curiosity — 
of analytical chemists in this type of detection, readers are encouraged to delve deeper 
into the subject in specific monographies on the particular US-detection technique they 
suspect can either fit their research guidelines or be used as the basis for a new research 
line after reading the selected applications described in Chapter 10. 

Including further information about US-based detection techniques or dealing more 
extensively with them was therefore unwarranted, particularly on the grounds of their scant 
use in analytical chemistry relative to US for sample preparation or for the uses discussed 
in Chapter 8. In any case, the authors encourage interested analytical chemists to explore 
these detection techniques. 

As the readers may see, quartz crystal resonator (QCR) sensors are out of the con¬ 
tent of this chapter because their fundamentals are far from spectrometric aspects. These 
acoustic devices, especially applied in direct contact to an aqueous liquid, are commonly 
known as quartz crystal microbalance (QCM) [104] and used to convert a mass or a mass 
accumulation on the surface of the quartz crystal or, almost equivalent, the thickness 
or a thickness increase of a foreign layer on the crystal surface, into a frequency shift — 
a decrease in the ultrasonic frequency — then converted into an electrical signal. This 
unspecific response can be made selective, even specific, in the case of QCM 
immunosensors [105]. Despite non-gravimetric contributions have been attributed to the 
QCR response, such as the effect of single-film viscoelasticity [106], these contributions 
are also showed by a shift of the fixed US frequency applied to the resonator; so, the 
spectrum of the system under study is never obtained and the methods developed with 
the help of these devices cannot be considered spectrometric. Recent studies on acoustic 
properties of living cells on the sub-second timescale have involved both a QCM and an 
impedance analyser; thus susceptance and conductance spectra are obtained by the 
latter [107]. 
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CHAPTER 10 

Applications of Ultrasound-Based Detection Techniques 


10.1. INTRODUCTION 

Because ultrasound (US) can penetrate optically opaque materials, provides high-quality 
information about bulk properties at low cost in a rapid, non-invasive manner, and enables 
on-line measurements, detection techniques based on this form of energy have some¬ 
thing to offer scientists and engineers at large and warrants consideration by anyone 
concerned with automated analyses and measurements. 

Ultrasound-based detection techniques and their ensuing methods are being increas¬ 
ingly developed outside the traditional physical and electronic engineering environments of 
the earliest implementation. A wide range of disciplines currently use these techniques and 
have helped develop them further. Because each discipline has developed US-detection 
techniques as tools to an end rather than as ends in themselves, developments often have 
not been communicated beyond a small circle. 

Clarifying some concepts of US-based detection techniques may help increase the 
appeal of the applications discussed below. Thus, these techniques require no cavitation 
as the power levels of US-based instruments are up to millions of times lower than those 
of US baths and probes. For example, US velocity measurements are usually made at 
very low power levels, so the analysed material is normally left intact. In addition, the use 
of low US power levels (e.g. below ca. 10 kW/m 2 in water at room temperature) results in 
elastic displacements (i.e. strain and stress are linearly related). 

For some reason, there is the widespread belief that US velocity, on which many mea¬ 
surements are based, depends mainly on the density of the material through which US 
propagates. One connected misconception is that US velocity in a mixture of materials 
will be some average of the velocities of the mixture components. 

Some types of measurements are given different names (e.g. “pulse-echo” measure¬ 
ments are also known as “pitch and catch”, “pulse-echo time of flight” or “acoustic time 
of flight” measurements). 

The wide acceptance of US-based detection techniques is a result of its non-invasive 
character and the variety of direct and indirect measurements it affords. Most measure¬ 
ments in ultrasonic spectrometry are based on two independent parameters namely ultra¬ 
sonic attenuation and ultrasonic velocity. The former is determined by the energy losses 
in ultrasonic waves and can be expressed in terms of the high-frequency viscosity of the 
medium or its longitudinal modulus. This allows elucidation of the kinetics of fast chemi¬ 
cal reactions, texture and microstructure, density and porosity in terms of particle size, 
aggregation, gelation, crystallization and other process characteristics, and also elastic 
constants, mechanical properties, corrosion and residual stress of materials. Ultrasonic 
velocity is determined by the density and elastic response of the sample to the oscillating 
pressure in the ultrasonic wave and can thus be expressed in terms of compressibility or 
the storage modulus. It is extremely sensitive to the molecular organization, composition 
and intermolecular interactions in the analysed medium, and is the basis for most appli¬ 
cations of ultrasonic spectrometry to the analysis of chemical properties of materials. 
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However, measuring ultrasonic velocity requires the use of extremely sensitive instru¬ 
ments that were unavailable until fairly recently. 

As with any analytical technique, it is important for US spectrometry users to have 
a thorough understanding of its underlying physical principles and of potential sources of 
errors adversely affecting measurements. The basis of ultrasonic analyses in a number 
of fields (particularly in food analysis) is the relationship between the measurable ultra¬ 
sonic properties (velocity, attenuation and impedance, mainly) and the physicochemical 
properties of the sample (e.g. composition, structure, physical state). Such a relationship 
can be established empirically from a calibration curve that relates the property of interest 
to the measured ultrasonic property, or theoretically from equations describing the propa¬ 
gation of ultrasound through materials. 

Before we discuss the applications of US-based detection techniques, we should 
emphasize the difference between the measured data and the desired output parameters. 
In ultrasound spectrometry, the measured data can be the attenuation coefficient, the sound 
speed and the acoustic impedance. However, the researcher is rarely interested in these 
measured properties, but rather on elastic moduli of solid samples; particle size distributions 
or rheological properties of heterogeneous samples; and concentrations, rheology, stability 
and chemical reactivity of liquids (particularly emulsions). 

Obtaining these desired output parameters involves two steps. In the first step, tests 
are conducted on the target system in order to obtain a set of measured values for macro¬ 
scopic properties such as temperature, pH, ultrasonic attenuation, etc. In the second, the 
previously measured data are analysed in order to compute the desired microscopic prop¬ 
erties. Such analysis requires three tools: a model dispersion, a prediction theory and an 
analysis engine. 

A “model dispersion” is used to describe the actual behaviour of the system under 
study in terms of a set of model parameters obviously including the desired microscopic 
characteristics. In fact, the model makes a set of assumptions about the real world in 
order to simplify the complexity of the phenomena involved and thereby also simplify the 
task of developing a suitable prediction theory. For example, most instruments measuring 
particle size assume that the particles are spherical, which allows a complete geometri¬ 
cal description of the particle to be given in terms of a single parameter (its diameter). 
Obviously, such a model could never accurately describe a dispersion of high-aspect ratio 
carpet fibres, so any theory based on such an over-simplified model might well give incor¬ 
rect results. The model dispersion may also attempt to limit the complexity of a particle 
size distribution by assuming that it can be described by certain conventional distribution 
functions (e.g. a log-normal distribution). 

A “prediction theory” consists of a set of equations that describes some of the measur¬ 
able macroscopic properties in terms of the microscopic properties of the model system. 

Finally, an “analysis engine” is essentially a set of algorithms implemented in a com¬ 
puter program which calculates the desired microscopic properties from the measured 
macroscopic data, using the knowledge contained in the prediction theory. The analysis 
can be thought of as the opposite, or inverse, of prediction. Prediction describes some of 
the measurable macroscopic properties in terms of the model dispersion. Analysis, on the 
other hand, given perhaps only few values for the model parameters, attempts to calcu¬ 
late the remaining microscopic properties by evaluating the measured data. A number of 
well-documented approaches to this analysis task have been reported. 

The scheme followed to discuss the applications of US-based detection techniques is 
supported on the physical state of the measured system. Thus, a general distinction is 
made between applications to solid or liquid samples, and those involving two different 
states (viz. solid-liquid, solid-gas and liquid-gas systems). 
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10.2. ULTRASONIC ANALYSIS OF SOLID SAMPLES 

Ultrasound detection as applied to solid samples can provide a variety of information 
depending on the particular technique and measured parameter(s). In addition to tradi¬ 
tional US-based detection techniques for the analysis of solids (e.g. RUS [1]), a number 
of new techniques, modes and methods have been reported over the last five years which 
have opened up new avenues for the examination of solids. 

The lack of sensitivity of laser-ultrasonics has been overcome by changing the genera¬ 
tion wavelength from 10.6 pm of the C0 2 laser to the 3-4 pm range of an optical paramet¬ 
ric oscillator based on a potassium titanyl arsenate crystal and an Nd:YAG laser, thereby 
significantly improving the generation efficiency [2]. Laser-ultrasonic surface wave disper¬ 
sion spectrometry was long regarded as one of the leading candidates for non-destructive 
characterization of surface-treated metals on the grounds of its ability to probe material 
properties at different penetration depths depending on the inspection frequency. Recently, 
the dispersion of the surface wave has been found to be a superposition of different effects 
of surface treatment in the target material, including surface roughness, compressive 
residual stress and cold work. Although the surface roughness induced component is often 
the dominating part of the overall dispersion, experimental results also indicate that it is 
feasible to observe a perceivable change in the dispersion of the SAW when the specimen 
is heat-treated at different temperatures, which has no perceivable effect on the surface 
roughness [3]. Adaptive laser-US modes afford measurements of the phase velocity of 
laser generated and detected acoustic waves by means of an optical grating produced by 
an electronically addressable spatial light modulator (SLM); the SLM was imaged onto the 
sample surface in order to generate surface acoustic waves, the frequency and wavefront 
of which were controlled by the SLM. When the grating period matched the surface 
acoustic wavelength, the surface wave was strongly excited, which allowed the wavelength 
and hence the phase velocity, angular dispersion of the generalized surface wave and 
pseudo -surface wave of the specimen to be determined [4]. 

It is worthy of special note here that the advances in Brillouin scattering spectroscopy 
(BSS), have significantly broadened its scope of application, particularly as regards the 
characterization of mechanical properties of solids and thin solid films. The restriction 
imposed by the very low scattering efficiency of thermal surface phonons, which resulted 
in rather long data collection times (typically several hours for a single spectrum even if 
advanced multipass filters were used) was overcome by using light not only to detect, but 
also to excite surface phonons [5]. The joint use of generalized surface acoustic waves 
and pseudo -surface acoustic waves [6], and studies of the influence of temperature on 
the results of BSS at temperatures of 40-300 K [7] or up to 2500 K [8], among others, 
have fostered the use of this technique. 


10.2.1. Ultrasonic parameters 

The changes undergone by US on interacting with a solid, and the information that can 
thus be obtained from the solid, have been measured mainly through the US velocity and 
attenuation under resonant conditions. The ultrasonic parameters to be used and their 
processing are dictated by the final information required. Thus, the resistance to deforma¬ 
tion is obtained by calculating the elastic moduli, the number and nature of which are 
a function of the nature of the solid (e.g. isotropic, anisotropic). However, equations 
relating the acoustic measurement to sample density, dimensions, material microstructure 
and thickness can usually be derived from simple parameters such as US velocity 
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and (or) attenuation. This allows more abundant and complex information to be obtained 
with present sophisticated US-based detection techniques or more flexible variants of 
conventional ones, as discussed below 


10.2.2. Determination of elastic constants 

The constants that provide information about resistance to deformation in solids 
(elastic moduli) are of great importance in areas such as engineering, mechanical design, 
fracture analysis and life-time estimation. Ultrasound methods allow the determination of 
dynamic moduli, which are slightly higher than the static values generated by standard 
mechanical testing. The number of elastic moduli required to describe the response to 
stress (i.e. the force applied per unit area) depends on the nature of the solid; thus, an 
isotropic solid such as ordinary glass needs only two elastic moduli to describe its 
resistance to stress, the number increasing with increasing anisotropy. One of the 
moduli typically used to describe solids is the shear modulus; the others vary widely 
and include Young’s modulus, Poisson’s ratio, the compression modulus (K), the bulk 
modulus and the modulus that determines the longitudinal sound velocity. Young’s 
modulus is a measure of stiffness when a long thin bar is stretched and stress is only 
applied at the ends; Poisson’s ratio is the negative of the ratio of the strain — strain being 
the displacement caused by a stress — in the 2nd direction to the strain in the 
1st direction. 

One common feature of all moduli is that any strain generated in a solid is linearly pro¬ 
portional to the stress. This obviously requires that whatever stress is applied should not 
break or permanently bend the sample and that no significant energy be dissipated when 
the sample is strained. To revert to a careful dynamic description of the displacements, 
forces and energy is mandatory for high dissipation materials. 

The most salient feature of the shear modulus is that it describes the stiffness of a solid 
to forces that do not change its volume. The complication is that there is no unique arrange¬ 
ment of forces producing a given shear distortion, as depicted in Fig. 10.1. The forces in 
boxes a and c are called “simple shear”, presumably because they are the forces that most 
readily come to mind; however, the forces that generate simple shear also produce a rota¬ 
tion. The forces on b produce what is called “pure shear”, presumably because they cause 
no rotation. However, the energy required to generate each of these distortions must be 
independent of the arrangement of forces. 

Low-symmetry crystals posses some interesting, difficult to assimilate properties relat¬ 
ing to stress waves and elasticity. Such properties relate to what is called “internal strain”, 
by which an external stress produces strains in the unit cell of the crystal different from 
the macroscopic strain. This can occur if, for example, a lattice has at each lattice point a 
group of atoms (the basis) with symmetry different from that of the lattice. 

In high-symmetry crystals, however, there are certain special directions and types of 
waves in which the polarization (motion of atoms) is either parallel (longitudinal) or perpen¬ 
dicular (shear) to the direction of propagation, just like in an isotropic solid. These include 
cubic, hexagonal, tetragonal and orthorhombic crystal symmetries, all characterized by 
having three mutually perpendicular planes of mirror symmetry; as a result, any compres¬ 
sive stress applied normal to a mirror symmetry can produce no lateral or shear strain 
because the crystal does not know which way to go. 

Most methods for calculating elastic moduli are based on resonance ultrasound spec¬ 
troscopy (RUS), which is applicable to specimens lesser than 1 mm 3 . The equations relating 
the resonance frequencies of a solid with its density, dimensions and elastic moduli allow 
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Figure 10.1. Combinations of forces that lead to the same distortion without changing 
the volume. (Reproduced with permission of Wiley Interscience, Ref. [1].) 


efficient calculation of the resonance frequencies of the solid provided its density, dimen¬ 
sions and elastic moduli are known; also it allows one to work backward and determine 
these parameters from a measurement of the body’s resonance frequencies [1]. A very 
fast, accurate solution to the direct problem (i.e. elastic moduli ^ resonance frequencies) 
is the key tool or the solution of the inverse problem (resonance frequencies -> elastic 
moduli). However, the inverse problem is not as straightforward as there is no unique solu¬ 
tion in this case; therefore, a non-linear optimization procedure must be used to determine 
a set of parameters producing resonance frequencies that are in the best possible agree¬ 
ment with the measured spectrum of the sample. 

Theoretically, a maximum of 21 tensor elements of elastic stiffness for the triclinic 
crystal (the lowest-symmetry crystal) can be determined with one specimen. However, it is 
difficult to assimilate properties relating to stress waves and elasticity for such a low- 
symmetry crystal. In practice, RUS can determine nine tensor elements for orthotropic 
symmetry as well as for higher symmetry (isotropic, cubic, hexagonal or tetragonal). 

One of the key uses of RUS is to determine the symmetry and obtain a rough estimate 
of the elastic stiffness in advance. The initial estimate should be close to the true value 
and can be obtained from the literature, experience, other measurements, etc. The test 
sample should be machined accurately. The calculated resonance frequencies and 
modes should be matched to the RUS measured values and the elastic stiffness can be 
converged by comparison and iteration. 

The uses of RUS until 1997 (e.g. structural phase transitions, superconducting transi¬ 
tions, magnetic transitions) are widely discussed in Migliori’s book [1]; therefore, inter¬ 
ested readers are referred to it for such applications. More recent, key applications are 
discussed below. 

High-temperature RUS has been used to determine dynamic anisotropic elastic 
constants of Zr-2.5Nb alloy for the pressure tubes in deuterium uranium reactors. The 
resonance frequencies were measured using a couple of alumina waveguides and wide¬ 
band ultrasonic transducers in a small furnace; rectangular parallelepiped specimens 
were fabricated along the longitudinal, radial and transverse direction of the pressure 
tubes. A nine elastic stiffness tensor for orthotropic symmetry was determined in the 
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range of room temperature up to 500°C. The elastic tensor, C ijt decreased gradually with 
increasing temperature. Higher elastic constants along the transverse direction compared 
to those along the longitudinal or radial direction were found to be similar to Young’s mod¬ 
ulus or the shear modulus. Crossing of elastic constants along the longitudinal and radial 
directions — which correlated with the crossing characteristics of c 44 and c 66 in a zirco¬ 
nium crystal — was observed near 120-150°C [9]. Recently, the elastic moduli of poly¬ 
crystalline TiCr-i.s over the temperature range of 3-410 K were reported [10]. 

The effective elastic properties of a porous material may be quite different from those 
corresponding to a fully dense material and difficult to predict from microstructural param¬ 
eters, especially if the volume fraction of the pores is high or the pores are highly non- 
spherical. Obviously, both the effective moduli and the effective density are reduced by the 
presence of pores. While the density decreases linearly with increasing volume fraction 
of pores, the dependence of elastic moduli on porosity is much more complex as it is not 
just governed by the volume fraction of the pores, but also by their shape, spatial and ori¬ 
entation distribution. For certain simple shapes and arrangements, there exist theories 
that can be used to predict the effective elastic moduli for spherical and disk-like pores; in 
practice, however, reliable modulus data must very often be determined experimentally 
because the available theories do not apply or because the effort to obtain the input 
parameters required for a reliable theory-based prediction would be enormous. Owing to 
strong attenuation caused by scattering, standard high-frequency ultrasonic propagation 
methods very often cannot be used on small-sized specimens of porous materials. In this 
situation, ultrasonic phase spectroscopy involving relatively low-frequency continuous 
waves transmitted through the specimen provides viable methods to measure wave veloc¬ 
ities — and also acoustic impedances and elastic constants as a result — along relatively 
short pathlengths in extremely porous, strongly attenuating materials [11]. 

Preliminary studies of the effect of high magnetic fields (up to 7 T) and low temperatures 
on the elastic constants and US attenuation in single-crystal La 2 _ x Sr_ x Cu0 4 in the low doping 
region (x = 0.01) by using RUS in the frequency range 0.1-2 MHz have demonstrated that, 
below 10 K, an increased modulus and a large increase in attenuation occur; below 5 K, the 
attenuation decreases further [12]. The behaviour of both parameters was studied at all res¬ 
onance frequencies observable at such low temperatures. Concerning the effect of the 
magnetic field, no change in the modulus was observed within the accuracy range of the 
measurements. It should be noted that similar tests involving a magnetic field of around 5 T 
along the x-axis and undoped La 2 Cu0 4 exposed a weak ferromagnetic transition [13,14]. 

The name of resonant sphere technique (RST) is given to the methods using a spher¬ 
ical specimen. This name is inappropriate inasmuch as it is contradictory; thus, the cor¬ 
rect designation would be “resonant sphere methods” (RSMs). Such methods are of 
special interest because they allow a spherical specimen to be made accurately and its 
natural frequencies to be solved theoretically. This type of methods, developed by Fraser 
and LeCraw [15] and improved by Soga and Anderson [16], are widely applied in mate¬ 
rial science, geophysics and non-destructive inspections, among other areas. Methods for 
measuring the elastic moduli of both isotropic and anisotropic materials [17], the pressure 
dependence on elasticity [18,19] and surface defect inspection [20] of spherical samples 
have been reported, all of which determine elastic moduli in the resonant modes. 
Recently, Yaoita et al. reported two methods for determining the elastic moduli of spheri¬ 
cal specimens that require no information about the resonant modes. One is a full-search 
method that compares the measured frequencies with the theoretical ones computed 
from assumed transverse wave velocity and Poisson’s ratio; the other is a simplified 
method for determining only Poisson’s ratio after evaluating the transverse wave velocity 
from the lowest resonant frequency. These methods require adequate numbers of 
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resonant frequencies including the sensitive mode to Poisson’s ratio without any identifi¬ 
cation of the vibration mode. Both methods were validated by determining the elastic 
moduli of ball lenses made of glass; the frequencies calculated from the elastic mode 
thus determined were in good agreement with the measured values; thus, the absolute 
inaccuracy in Afwas less than 0.4% (see Table 10.1) [21]. 

A recent method for studying the elastic properties of thin films uses RUS in combina¬ 
tion with measurements of deformation distributions on the vibrating specimen surface 
obtained by laser-Doppler interferometry [22]. The two main difficulties faced in the deter¬ 
mination of a reliable set of film C /y values were accurately measuring the resonance 
frequencies and correctly matching calculations and measurements. Because the contri¬ 
butions of the film’s C y values to the resonance frequencies are usually small, they must 
be measured with a high accuracy; this requirement was met by developing the piezoelec¬ 
tric tripod of Fig. 10.2, on which the specimen (a silicon substrate with a 1.9 pm copper 
film) was placed. The tripod consists of two pinducers and a support stick: one pinducer 
supplies a sinusoidal continuous wave (cw) signal to vibrate the specimen and the other 
detects the oscillation amplitude. By sweeping the frequency of the cw signal and mea¬ 
suring the oscillation amplitude as a function of the frequency, the multipeak resonance 
spectrum of Fig. 10.3, was obtained; fitting the Lorentzian function to the peaks allowed 
the free-vibration resonance frequencies to be determined. Ideal free vibration occurred 
because the piezoelectric tripod required no coupling agent between the transducers and 
the specimen, and no force was applied to the specimen except for its own weight. The 
resonance peak heights varied depending on the positions of the contacting pinducers on 
the specimen face; however, the resonance frequencies did not change, so they were 
measured at a constant temperature of 30°C, with deviations better than 10 -4 — which 
was much smaller than the contributions of the film C /y to the resonance frequencies. 
In order to carry out the inverse calculation, and taking into account that the modes of the 
calculated resonance frequencies were known, the identical modes from the measured 
spectrum must be found. The large number of resonance frequencies and peak overlap 


Table 10.1 Comparison of measured resonant frequencies (f exp ) and frequencies (f ca] ) 
calculated with the two methods proposed by Yaoita et al. 


K 

IMode 

2Measured 

Full-search 

Simplified method 

(/exp) 

fca\ 

Ar(%) 

fca\ 

Ar(%) 

1 

iT 2 

1.437 

1.434 

0.248 

1.437 

0.000 

2 

iS 2 

1.512 

1.510 

0.108 

1.514 

-0.134 

3 

2S1 

1.913 

1.914 

- 0.042 

1.917 

-0.215 

4 

iT 3 

2.213 

2.216 

-0.129 

2.221 

- 0.377 

5 

1S3 

2.234 

2.235 

- 0.062 

2.240 

- 0.296 

6 

1S0 

2.355 

2.355 

0.025 

2.355 

0.012 

7 

2 S 2 

2.724 

2.724 

-0.015 

2.728 

-0.193 

8 

1S4 

2.854 

2.854 

- 0.006 

2.860 

- 0.236 

9 

1T4 

2.921 

2.921 

0.015 

2.927 

- 0.233 

10 

2T1 

3.306 

3.304 

0.068 

3.311 

-0.180 

Transverse wave velocity 

3602 m/s 

3610 m/s 

Poisson’s ratio (v) 

0.212 

0.210 


Units are in MHz. A f= {f ex p — fcayfexp 
(Reproduced with permission of Elsevier, Ref. [21].) 
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Figure 10.2. Experimental set-up used to study the elastic properties of thin films by 
RUS. The resonance frequencies are measured with the piezoelectric tripod. The scan¬ 
ning laser-Doppler interferometer draws the oscillation displacement of specimen sur¬ 
face. (Reproduced with permission of Elsevier, Ref. [22].) 


made mode identification difficult; unmistakable mode identification was provided by 
laser-Doppler interferometry, which allowed the out-of-plane displacement of the vibrating 
specimen at each resonance mode to be determined. The frequency of the reflected laser 
beam changed depending on the vibration frequency because of the Doppler effect. 
Measurement errors in the resonance frequencies caused deviations in the resulting film 
Cy ; the error bands (AC/,) from the contributions of C/, to the resonance frequencies (/7(C /y ) 
and the measurement errors of the resonance frequencies Af were estimated as 


AC =- 

/y df/dC„ 


Af 


( 10 . 1 ) 


where flCy can be obtained from the inverse calculation [23]. 



Figure 10.3. Resonance spectra obtained with the piezoelectric tripod in Fig. 10.2. 
Solid and dashed lines represent the resonance spectra for the substrate alone (made 
of silicon) and for copper (1.9 jum thick)/silicon specimen, respectively. After deposition, 
the resonance peaks shifted to lower frequencies. (Reproduced with permission of 
Elsevier, Ref. [22].) 
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The information provided by RUS and reflected leaky Lamb waves (LLWs) for the 
determination of ultrasonic wave velocities and phase velocity dispersion curves of an 
Inconel 600 plate — a material employed to produce steam generator tubes for nuclear 
power plants — were compared [24] and the longitudinal and the transverse wave velocities 
of the specimen determined by RUS, pulse-echo and cut-off frequencies of LLWs. The 
wave velocities obtained by RUS under the assumption of isotropic symmetry differed 
from those provided by other methods. However, the wave velocities in the direction of 
thickness obtained by RUS under the assumption of orthotropic symmetry were quite 
similar to those obtained with other methods as they measured wave velocities in the 
direction of thickness. 

The diffusion bond strength between two identical materials can be determined from a 
single normal incidence ultrasonic measurement based on the fact that imperfections in 
diffusion bonds result in reflection of some ultrasonic energy from the interface separat¬ 
ing the two substrates. The imperfect diffusion bond is characterized by the interfacial 
spring stiffness, which is determined from the reflected signal spectrum [25]. 

Comparison of the use of infrared absorption and US techniques based on pulse-echo 
measurements confirmed and supplemented the results provided by each other, thus 
helping clarify the anomalous behaviour of manganese-phosphate glasses doped with 
Nd 2 0 3 in three composition regions as observed by IR [26]. Also, complementary studies 
of elastic properties by continuous-wave phase ultrasound spectroscopy and microstruc- 
tural changes of plasma-sprayed alumina during consolidation of metastable phases 
exposed to high temperatures by electron microscopy, X-ray diffraction and porosimetry 
provided interesting information about the evolution and relationship of microstructural 
changes and elastic properties; this further testifies that ultrasonic spectroscopy is espe¬ 
cially suited to porous, highly attenuating materials [27]. 


10.2.3. Microstructure and thickness studies using ultrasound-based 
detection techniques 

The microstructural characterization of materials and investigation of elastic properties 
have been two topics of interest for a long time. Attenuation and velocity are the two main 
ultrasonic parameters used to extract information from materials. It is generally believed 
that, in polycrystalline materials, ultrasonic waves are attenuated predominantly by scat¬ 
tering, so theoretical expressions describing ultrasonic attenuation through grain scatter¬ 
ing [28] and relating the effective grain size to the average size over the grain distribution 
[29] have been reported. Many of the earliest ultrasonic studies involved piezoelectric 
transducers in contact with the sample [30,31] and were later followed by electromagnetic, 
non-contact transducers [32] and eddy current testing [33]. 

The need for an uncoated area in the substrate in order to obtain a reference signal from 
the substrate surface was overcome by Hanel using a lens that focused acoustic waves 
first on the front of the sample and then on its back (see Fig. 10.4A) and collecting the 
sound echoes from both zones. In this way, he obtained the response of Fig. 10.4B, from 
which the thickness of the samples was calculated from known relations following the 
determination of the longitudinal sound velocity using an equation derived by Hanel [34]. 

A unique set of interfacial stiffness constants suffices to characterize the macroscopic 
elastic response of an interface between two rough contact surfaces regardless of the direc¬ 
tion of incidence of the ultrasonic wave [35]. In addition, the stiffness constants of a double 
interface can be successfully recovered by combining ultrasonic spectroscopy and pulse- 
echo measurements with the theoretical procedures available for a single imperfect interface. 



360 


Applications of Ultrasound-Based Detection Techniques 



Acous 

hi 

>tic lens 

4 E 3 / 

Sample\J 




Figure 10.4. (A) Acoustic lens focused on the front (left) and back (right) the acoustic 
waves. (B) Measured sound echoes from both zones. Above: front and back echo with the 
lens focused on the sample’s back. Below: front echo with the lens focused on the sample 
front. (Reproduced with permission of the American Institute of Physics, Ref. [34].) 


At present, laser ultrasonic equipment is used in non-contact ultrasonic studies involv¬ 
ing the excitation and detection of bulk elastic waves in point sources of planar geometry 
[36], the determination of material properties by use of laser-excited and detected surface 
acoustic (Rayleigh) waves [37], that of surface roughness by using a dual-probe laser 
interferometer and attenuation of Rayleigh waves [38] or elucidating the effect of harden¬ 
ing treatments of steel on the velocity of laser-induced Rayleigh waves [39]. The ensuing 
methods were all laser surface acoustic wave methods — which differ from half-optical 
methods in which the latter only use optical means for generation or detection — this 
avoids the acoustic coupling problems of piezoelectric transducer-based methods 
(e.g. damping in the transducer and the couplant, reflection and transmission losses). 
Contrary to the bulk wave regime, only one sample side is needed for excitation and 
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detection. This not only facilitates measurements but also avoids the need for an accurate 
knowledge and uniformity of the sample thickness. 

Figure 9.14 depicts the instrumentation required to implement these methods, which 
was used to study the microstructure of cast iron (/.e. precipitated graphite particles of 
variable morphology embedded in an iron matrix) and its influence of some properties of 
the material. Thus, cast iron samples of diverse graphic morphology were subjected to 
non-contact, non-destructive evaluation by using Rayleigh waves from a focused laser line 
source and detecting the resulting displacements with a laser interferometer. The influence 
of microstructure sensitivity on ultrasonic attenuation and velocity was clearly apparent 
from the substantial differences in ultrasonic parameters between samples. The frequency 
dependence of the ultrasonic attenuation was determined in a band-width including the 
three characteristic regions of scattering. The results were used to evaluate the average 
scattered size of the samples using scattering theory, which correlated well with the 
particle size obtained from a quantitative micrographic analysis [40]. This study encour¬ 
aged further research on the elucidation of the effects of scattered size distribution on the 
attenuation spectrum and on the inverse problem (i.e. the ultrasonic determination of the 
grain size distribution). Thus, a structural analysis of ferrous quartz was carried out in the 
three characteristic regions given by the theoretical model of longitudinal wave scattering 
as a function of the wavelength and average size of inhomogeneities (e.g. pores, grain, 
microcrystals) [41]. The method involved producing short acoustic pulses during the 
absorption of laser emission in optophone, irradiation of the geomaterial surface, data 
collection of US disturbances passed through the sample at high temporal resolution and 
comparison with complex spectra of the probing acoustic pulse and the signal transmit¬ 
ted through the sample in order to determine the attenuation spectrum. This was analysed 
by a software package including fast Fourier transform, consideration of amplitude coef¬ 
ficients of ultrasonic wave reflection on the medium boundary and diffraction of acoustic 
beams in a quasi -optical approximation. 

Art characterization and conservation have also exploited the advantages of ultrasonic 
laser spectroscopy. The shortcomings of use of typical US-based instruments (e.g. the 
need to bring the transducer in close contact with a flat surface and the inability of com¬ 
monly used ultrasound frequencies (1-20 MHz) to resolve sub-millimeter details within 
a paint layer) have been circumvented by using laser-induced stress waves generated by 
illuminating one surface of the artwork with a Q-switched laser beam. The light explo¬ 
sively ablates a minute portion of the surface, thereby launching an ultrasonic pulse into 
the material. When the wave reaches the opposite surface, it is detected with a laser 
vibrometer. This provides a non-contact way of ultrasonically mapping artwork interiors 
and detecting flaws, interfaces and detachments [42]. 

Scanning ultrasound microscopy (SAM) provides one other way of investigating 
microstructures by using US waves to measure the mechanical properties of the sample 
constituents. The resulting image shows the impedance contrast among the constituents, 
which is determined by variations in their densities and elastic properties (velocity and 
attenuation). Thus, SAM can provide images of the material that are complementary to 
optical and scanning electron microscopy images. 

Thin films and coatings are widely used for manufacturing purposes in the microelectron¬ 
ics, automotive and aerospace industries, among others. Their applications range from ordi¬ 
nary paint to produce coatings in optical systems, wear-resistant layers in gear boxes and 
thermal barriers in combustion chambers. Significant efforts have been devoted to the 
development and characterization of new coatings, the mechanical properties and adhesion 
to substrates of which are difficult to measure with traditional methods; a pressing need 
for non-destructive quantitative methods for surface layer characterization therefore exists. 
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One of such methods is based on spectra obtained from normal and oblique incidence 
reflection and transmission US, which are plotted as a function of six non-dimensional 
parameters of the coating determined from two types of spectra. The six non-dimensional 
parameters allow the reconstruction process to be transformed from one search in a 
six-dimensional space to two searches in three-dimensional spaces (one search for normal 
incidence and one for oblique incidences). Thickness density and longitudinal and shear 
elastic moduli of the coating and attenuations can be determined for thicknesses less than 
the ultrasonic wavelength from the non-dimensional parameters [43]. It should be noted that 
US-based examination of coatings is particularly useful for polymer-coated systems as the 
impedance of metals is about tenfold more than that of common polymers. 


10.2.4. Evolution monitoring 

The productivity and quality objectives of today’s industry require tighter control and the 
development of new process technologies. These new demands have led to the develop¬ 
ment of more sophisticated sensors for all process stages. 

The evolution of viscoelastic properties during the formation of polymer films has been 
determined by using an ultrasound-reflection method [44]. First, the complex share modu¬ 
lus G* and the complex longitudinal modulus L* = K* + 4/3 G* of the samples were derived 
from the measured complex reflection coefficients of an ultrasonic shear and longitudinal 
wave, respectively; from them, Young’s modulus (E), the compression modulus (K) and the 
Poisson ratio (v) for isotropic materials can be calculated, as in the study of the time- 
dependence of the moduli during film formation from an aqueous polymer dispersion or 
that of isothermal curing of an epoxy resin. The simultaneous excitation of longitudinal and 
transversal ultrasonic waves in a cell with normal incidence of both types of waves enabled 
the determination of various elastic constants in a single measurement. Figure 10.5 shows 
the time evolution of the moduli G and K (A), and the Poisson ratio (B), during the reaction 
of an epoxy resin. 

Acoustic attenuation spectra have proved a powerful tool for studying relaxation 
processes in glassy electrolytes as they exhibit distinct peaks corresponding to transport 
mechanisms originating from the different types of sites responsible for ionic hopping. 
Spectra were analysed in connection with the frequency response, activation energy at 
spectral peaks and peak intensities, using theoretical double-power-law-function models 
and a suitable mathematical treatment for the simulations in order to fit the experimental 
data. The influence of chemical composition on ion transport mechanisms, frequency 
response, peak intensity and activation energy was established [45]. 

The evolution of the capillary network of reactive powder concrete during hydration 
processes was monitored by pulse-echo US in combination with shrinkage measurements. 
Two characteristic porous classes were thus identified, namely: one of 10-20 nm, and the 
other of 1 or 2 nm, associated with the porous space between C-S-H hydrate clusters 
and the internal porosity of the hydrate, respectively. The evolution of the active capillary 
radius as a function of the degree of hydration is consistent with the strong interaction 
between the capillary network size and the chemical activity given by the dissipated calori¬ 
metric power curve [46]. The mechanical aspect of ageing of blown extruded polyethylene 
films exposed to severe weathering conditions outdoors was monitored by measuring 
velocities and attenuations of ultrasonic waves propagating in several directions in the 
film plane. Calculation of stiffness constants and energy dissipation terms showed 
that stiffening of the material led to an increase in velocity and a decrease in wave 
attenuation [47]. 
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Figure 10.5. (A) Temporal changes in the moduli G' and K' during curing of an epoxy 
resin. (B) Variation of the Poisson ratio during the curing of an epoxy resin. (Reproduced 
with permission of Wiley Ref. [44].) 

The evolution of US-induced crystallization around the glass transition temperature for 
metallic glass was monitored by electromagnetic acoustic resonance, which allowed 
resonance frequencies and internal frictions to be measured. In an as-cast glassy sample, 
such frequencies jumped up just above the glass temperature transition at the beginning 
of the process under ultrasonic vibration; this was ascribed to nano-crystallization as 
confirmed by an X-ray diffraction profile, which was absent in the absence of US. Irregular 
A-shaped internal-friction peaks were also observed prior to abrupt crystallization [48]. 
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Resonant US spectroscopy is also the technique of choice for studying the vibration 
behaviour of the metastable (3 phase near the martensic transformation of a single crys¬ 
tal Cu-27.96 at.% AI-3.62 at.% Ni shape memory alloy. The elastic constants C /y of the 
anysotropic material and the internal friction Q _1 (C /y ) were determined, and the elastic 
constants C' and C 44 found to be the quantitities controlling the vibrational response of 
the (3 phase near the martensic transformation; on the other hand, the evolution of the 
internal friction was found to be correlated with the elastic behaviour of the alloy [49]. 

Moreau et al. developed on-line measurements of texture, thickness and plastic strain 
ratio of sheet metal on the production line by laser-US resonance spectroscopy [50]. 
A short laser pulse was used to generate a broad-band US pulse that was detected with 
a laser interferometer. A large number of echoes were collected and analysed using 
Fourier approaches to determine the natural resonance frequencies in the thickness of 
the sheet. One longitudinal and two shear frequencies, and their harmonics, were meas¬ 
ured and two crystallographic orientation distribution coefficients and highly accurate 
measurements of the sheet thickness corrected for changes in ultrasonic velocity caused 
by texture variations were obtained. The calculated coefficients enabled evaluation of the 
average and in-plane twofold and fourfold variations of the plastic strain ratio, with sensi¬ 
tivities sufficient to detect systematic variations in texture along the length of production 
coils with on-line repeatability of the order of ca. ± 0.02. 

Ultrasound-based sensors for metal-coated fiber optic measurements based on inter¬ 
ferometric determination of the displacement using a Michelson interferometer have also 
been designed. The input acoustic field can be detected by using two reference methods, 
namely: (a) time-delay spectroscopy with a calibrated hydrophone (a hydrophone with 
known frequency response determining the sound pressure, the input displacement being 
obtained by simple algebra); and (b) the interferometric foil technique (the displacement 
of a metallized foil situated at the surface of the fluid measured by the interferometer used 
for fibre tip measurements). The frequency dependence of the transfer function compared 
well with the theoretical models [51]. 


10.2.5. Ultrasound-based determination of fatigue, damage and degradation 

Measurements of fatigue, damage and degradation of materials under typical or extreme 
conditions are essential in a number of industries (e.g. aircrafts, marine, off-shore oil plat¬ 
forms, automotive) for safety reasons. Such is the case with thermo-mechanically 
produced low-carbon steels, which have a high strength and excellent weldability com¬ 
pared to conventional carbon steels; this has promoted their use as structural material for 
construction, ship building and offshore application. However, they are relatively prone to 
corrosion, damage being generally accelerated by external fatigue loads, stress concen¬ 
tration and welding residual stress. This required evaluating microstructure evolution 
during tension-compression fatigue tests in order to elucidate the environmental fracture 
characteristics of steels for safety design and integrity evaluation, preferably using non¬ 
destructive methods. Electromagnetic resonance studies have shown that US attenuation 
is highly sensitive to the accumulative fatigue damage and exhibits a minimum at around 
20% of the lifetime; this has been ascribed to a dramatic change in dislocation mobility 
and rearrangement, which is supported by TEM images of the dislocation structure [52]. 
Not only US attenuation, but also US velocity has proved to be useful for obtaining infor¬ 
mation on corrosion-fatigue tests of these materials. The back-scattering profile of 
Rayleigh surface waves (i.e. the amplitude variation of back-scattered US with the inci¬ 
dent angle) was measured after a corrosion-fatigue test and revealed that the velocity 
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of Rayleigh surface waves as determined from the incident angle at which the profile of 
back-scattered US peaked, decreased for the specimen exhibiting the largest number of 
cycles to failure in the corrosion-fatigue test [53]. 

Also, a number of RUS methods have been used for microdamage diagnostic. Thus, 
non-linear elastic waves have proved as class of powerful tools for exploring the dynamic 
non-linear stress-strain features in the compliant bond system of a micro-inhomogeneous 
material and linked them to micro-scale damage. Hysteresis and non-linearity in the 
constitutive relation resulted in ultrasonic wave distortion, which caused changes in the 
resonance frequencies as a function of the drive amplitude, generation of accompanying 
harmonics, non-linear attenuation and multiplication of waves of different frequencies. 
The sensitivity of non-linear methods to the detection of damage features seems to be far 
greater than that of linear acoustic methods (viz. methods based on measurement of 
wave speed and dissipation) [54]. Recently, a method incorporating high frequency pulsed 
angle beam ultrasonic measurements modulated by low frequency vibrations of a bonded 
structure was reported. The use of parametric non-linear mixing between high and low fre¬ 
quencies to characterize adhesive degradation showed that good quality — undamaged — 
bonds exhibit little dependence of ultrasonic signature on the overlay of low frequency 
vibration loads; however, environmentally degraded or imperfect bonds exhibit strong 
modulation of the resonance frequency of the ultrasonic signal reflected from the bond 
[55]. The elastic properties and anisotropy of intermetallic laminate composites, and the 
effect of internal stresses due to differences in the thermal expansion coefficient on 
fracture toughness have also been examined by RUS [56]. 

Laser-induced US spectroscopy has been used to study the effect of microcracks in 
rock specimens on non-linear distortion of the elastic pulse shape [57]. 

Comparison of several techniques (namely Fourier transform infrared spectroscopy 
(FTIR), simultaneous thermogravimetric analysis-differential scanning calorimetry 
(TGA-DSC) and ultrasonic spectroscopy) for assessing the residual physical and 
mechanical characteristics of polymer matrix composites (PMCs) exposed to excessive 
thermal loads showed the measured power spectra of ultrasonic energy to correlate with 
performance of graphite fibre epoxy matrix composites exposed to thermal degradation, 
and also that analyses with the three techniques all pointed to the same critical tempera¬ 
ture at which thermally induced damage increased sharply [58]. 

Complementary studies based on measurements of US-velocity changes and Raman 
spectroscopy were performed on bulk single-crystalline silicon irradiated with high doses 
of fast neutrons and compared with the non-irradiated material; this revealed the pres¬ 
ence of tunnelling states in highly coordinated bulk silicon [59]. 


10.2.6. Membrane compaction and fouling-cleaning studies by 
ultrasonic time-domain reflectometry 

The examination of synthetic membrane processes involves considering phenomena in 
three different regions: (a) the membrane; (b) the fluid boundary layer including the mem¬ 
brane-fluid interface and the potential presence of a cake or fouling layer; and (c) the bulk 
fluid in the membrane module. The performance of the membrane process is determined 
by the nature of the three regions and the way they interact. Thus, the intrinsic transport 
properties of the membrane are influenced by concentration polarization and fouling, 
which are in turn affected by the hydrodynamics of the membrane module or housing. 
A number of techniques including refractometry and interferometry, photo-interrupt sen- 
soring, video, fluorimetry, particle image velocimetry, impedance spectrometry, ultrasonic 
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reflectometry, constant temperature anemometry, NMR, computer-aided tomography and 
electrochemical and radio isotope techniques have been used for the non-invasive obser¬ 
vation of membrane processes [60]. Few techniques such as ultrasonic reflectometry 
have made the transition from difficult to use research equipment to the robust equipment 
required for in-field use, however. 

Much has been written over the last 30 years about the relationship between permeate 
flux decline and changes in membrane structure upon application of a transmembrane 
pressure. This phenomenon has been termed “ compaction ” and documented in reverse 
osmosis, ultrafiltration, gas separation and, more recently, in membrane distillation. 
Although there has been considerable disagreement on the exact nature of these mor¬ 
phological changes, the decrease in membrane thickness observed has been recognized 
as a predominantly viscoelastic response (i.e. creep, in which strain changes as a func¬ 
tion of time in response to the application of a constant compressive stress). Creep is 
generally represented in terms of an instantaneous elastic component, a time-dependent, 
recoverable component and a time-dependent but non-recoverable viscous component. 
Additional aspects which make the mechanical behaviour of membranes difficult to 
assess include the effects of localized stress concentrations at the pore wall/sub-structure 
interface and the response to pressure cycling. 

One major limitation in compaction studies has been the inability to obtain direct simul¬ 
taneous measurements of permeate flux and membrane thickness changes in real time; 
thus, compressive strains have been obtained indirectly via flux-decline experiments, or 
independently using a variety of mechanical testing arrangements. Whereas the accuracy 
of the former depends on the nature of the assumptions that underlie the flux-decline 
model utilized, compressive strains measured via the latter typically overestimate the 
actual mechanical response because the influence of fluid under pressure moving 
through the membrane pores is not included in these “static” tests. 

Ultrasonic time-domain reflectometry (TDR) has proved to be an excellent tool for 
obtaining compaction measurements in real time under realistic operating conditions, 
thus enabling quantification of membrane compressive strain. The experimental set-up 
used for this purpose is depicted in Fig. 10.6A. One requirement of the ultrasonic trans¬ 
ducer size (for generating and receiving the ultrasonic signals) was an area (a 0.5-cm 
diameter circular contact area) much larger than the size scale of any inhomogeneities 
due to features such as the membrane pores. The membrane sample was placed on a 
rigid, metallic porous support with an average pore size of ca. 5 pm and sealed between 
two aluminium cell plates. The vertical distance between the membrane and the top plate 
was ca. 2 mm. Figure 10.6B shows the measurements needed to apply the theory under¬ 
lying the use of ultrasonic TDR for membrane application, which can be found elsewhere 
[61,62]. In summary, partial reflection of a longitudinal ultrasonic wave can occur from 
any planar interface across which a difference in acoustic impedance exists. Reflections 
can be obtained from the top plate-feed solution interface (a), the feed solution-top 
membrane surface interface (b) and the bottom membrane surface-support plate inter¬ 
face (c). Since each of these waves will travel a different distance to and from the trans¬ 
ducer, they can be distinguished on the basis of their different arrival times if sufficient 
signal resolution is available. During compaction, the top membrane surface will move 
farther from the transducer, causing a change in the arrival time of signal b, as shown in 
Fig. 10.6C. The difference in signal arrival time between reflections b and b' can 
be quantified and converted into a change in membrane thickness by using a simple 
relationship [63]. 

Membrane fouling is a very complex phenomenon owing to the wide variety of foulants 
that can be encountered in practice. Even for a specific application, fouling depends on 
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Figure 10.6. (A) Experimental set-up used for membrane compaction studies of a high- 
pressure separation system by ultrasonic time-domain reflectometry. (B) Scheme of the sep¬ 
aration cell showing the externally mounted transducer and the primary reflections identified 
as a, b and c, which correspond to the top plate-feed solution interface, feed solution-top 
membrane surface interface and bottom membrane surface-support plate interface, 
respectively. (C) Change of the arrival time which translates into changes in membrane 
thickness during compaction. (Reproduced with permission of Elsevier, Ref. [63].) 
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physical and chemical parameters such as concentration, temperature, pH, ionic strength, 
contacting hydrodynamics and specific interactions in the separation system. The occur¬ 
rence of fouling is traditionally inferred from a decline over time in flux or product quality 
in terms of the concentration of the rejected component in the permeate. However, such 
an inference is complicated by the fact that membrane compaction and degradation may 
occur simultaneously with fouling. Since each of these processes can contribute to a flux 
decrease or product quality change, it is often impossible to identify the particular combi¬ 
nation of phenomena associated with an observed performance decline. Predictive mea¬ 
sures of fouling tendencies for a given feed solution can also be obtained via “fouling tests” 
that provide parameters such as the silt-density index, modified fouling index or Langelier 
saturation index; these parameters, however, have proved unreliable as a result of signif¬ 
icant differences between actual operating conditions and laboratory testing environ¬ 
ments. Membrane autopsy has been employed for after-the-fact characterization of fouled 
membranes in order to identify major foulants and optimize pretreatment and cleaning 
procedures. Clearly, such destructive analyses come at the cost of productivity and effi¬ 
ciency. Preventive measures that minimize fouling and reduce the need for cleaning are the 
key solution; this is also provided by TDR, which is ideally suited to real time monitoring of 
membrane fouling. Mairal et al. found changes in the ultrasonic TDR signal amplitude to 
be well correlated with development of the fouling layer and with surface coverage as the 
permeate flux declines [64]. 

Concerning cleaning tests, the US amplitude of TDR responds to fouling layer removal 
at least as rapidly as the permeation rate, not only at high pressure, but also at atmos¬ 
pheric pressure, confirmed by after-the-fact permeability tests and morphological analy¬ 
ses. Since most industrial cleaning strategies involve ambient pressure operation, the 
ability to detect fouling removal at atmospheric pressure in real time is quite useful for 
optimizing fouling remediation strategies. Moreover, the ability of this technique to detect 
subtle changes (e.g. partial disengagement) in the fouling layer may aid in understanding 
the mechanisms of membrane cleaning. In any case, the suitability of this technique for 
monitoring commercial membrane separation processes depends on the sensitivity of 
ultrasonic TDR to a wide range of foulants [65]. 


10.2.7. Medical applications of ultrasound-based detection techniques 

Diagnostic US, used in almost all medical fields and becoming the preferred imaging 
mode in a variety of clinical situations, is obviously a topic outside the scope of this book. 
However, interested readers can find an excellent picture of the near past, present and 
foreseeable near future in a review by Lewin [66], and also in the proceedings of SPIE, 
Vol. 4687, devoted to “Medical Imaging and Signal Processing 2002”, which encom¬ 
passes signal processing and detection, beam forming, array transducers, rf analysis, 
tissue elasticity, Doppler effect, vascular imaging, and segmentation classification, among 
other salient topics [67]. 


10.2.8. Analytical applications of ultrasound-based detection 
techniques to solids 

Most analytical applications of US-based detection to solids are concerned with food 
analysis. Thus, the sugar content of melons [68], and the composition of fish [69,70], pork 
meat mixtures [71] and other meat-based products [72] are but a few salient applications 
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in this field. In some, the US velocity at one or several temperatures was measured 
for composition estimation using Eq. 10.2 under the assumption that the samples 
consisted of a mixture of different components of known proportions and ultrasonic 
velocities: 


100_I>/ 

_2 ~~ -2 


where cp y and c y are the mass percentage and ultrasonic velocity of component j. This 
equation proved a good estimator of the ultrasonic velocity in food materials, where scat¬ 
tering is insubstantial because their air content is probably low [70]. 


10.3. ULTRASONIC ANALYSIS OF LIQUID SAMPLES 

In spite of the significant potential of ultrasonic measurements for the analysis of liquids, 
the use of US-based spectrometric techniques has so far been concentrated mainly 
in professional ultrasonic laboratories. A wider application of US for liquid monitoring and 
analysis has been restricted by several limitations. One is the convenience of measure¬ 
ments which involve sample cell filling, short measuring times, automatic operation, effi¬ 
cient stirring, stability to organic solvents, acids, bases and others. Another reason is the 
large volume of measuring cells and the high cost of analyses (especially with expensive 
liquids). In addition, resolution is limited to 10 _3 % in most cases, even with specialized, 
sophisticated scientific devices. Modern instrument avenue has facilitated the construction 
of relatively inexpensive, convenient devices for fast measurements (mainly of velocity and 
attenuation) in volumes as small as 0.1 ml with resolution better than 10 _4 % for velocity 
and 0.1% for attenuation. Other reason that previously limited the application of ultrasonic 
detection to routine analyses of liquids was the difficulty of interpreting ultrasonic charac¬ 
teristics. This problem has been overcome by extensive studies conducted over the last 
decade [73] which have made ultrasonic measurements competitive with other, well- 
established types of measurement and, in many cases, a unique analytical tool for the 
characterization of the quality of liquids and their components, measurement of concen¬ 
trations and detection of chemical reactions, among others. 

Ultrasound propagation is adiabatic in homogeneous media at the frequencies typi¬ 
cally used in US-based detection techniques. Therefore, although temperature fluctua¬ 
tions inevitably accompany pressure fluctuations in US, thermal dissipation is small and it 
is adiabatic compressibility which matters. As a second derivative of thermodynamic 
potentials, compressibility is extremely sensitive to structure and intermolecular interac¬ 
tions in liquids (e.g. the compressibility of water near charged ions or atomic groups of 
macromolecules differs from that of bulk water by 50-100%). 

Measuring US velocity is the only direct way of determining adiabatic compressibility. 
This type of measurement has opened the door to a new world of materials characteriza¬ 
tion, a world that hitherto has remained the province of specialists. Thus, US allows 
biochemists to determine protein hydration, food scientists to monitor changes in solid fat 
content, physical chemists to measure solute-solute and solute-solvent interactions, and 
physicians to measure cell aggregation, just to name a single use in some key areas. 

Most applications of US-detection in liquids use compressive, longitudinal waves; 
shear waves propagate over macroscopic distances in solids, but not in liquids, and other 
modes of US propagation are of little use with liquid samples. 
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10.3.1. Variables influencing ultrasound measurements in liquid systems 

The most influential variables on US measurements in liquids are temperature, dissolved 
air concentration and pressure. Also, moisture is a key variable with non-aqueous media. 


Temperature 

The influence of temperature is especially significant for aqueous systems. Thus, US 
velocity in water varies by approximately 3 m/s per °C at 20°C; therefore, an error of 0.1 °C 
in temperature will result in an error of 0.3 m/s in velocity. It should be noted that the 
temperature coefficient of the US velocity in pure water at temperatures up to 74°C is 
positive, unlike most other liquids. 


Air in liquid samples 

Although dissolved air — as opposed to air bubbles — has a very small effect on US 
properties such as velocity, small changes in pressure can release dissolved air from the 
solution and produce bubbles. Moreover, natural waters often contain tiny bubbles 
called “microbubbles” as small as 1 pm or less. It is essential therefore to take great care 
in de-aerating aqueous systems prior to US measurement. This can be done by sonic¬ 
ating the sample or by bubbling nitrogen through it; however, centrifugation may be 
needed for highly viscous materials or in the presence of surfactants. Fortunately, US 
is itself an excellent detector of gas bubbles (see Section 9.5.1.), the presence should 
be suspected whenever anomalous US measurements are obtained. This allows the 
efficiency of degassing to be estimated by monitoring US velocity during the process. 


Pressure 

Pressure exerted on a liquid system influences the measurements of US parameters. 
Equations for quantifying such influence and that of temperature on US velocity have 
been derived by Pierce [74] for distilled water over the ranges 0-20°C and 1-100 atm. 


Ultrasound velocity and concentration: the Urick equation 

The magnitude of the fluctuations in volume (dilatation) and density (condensation) asso¬ 
ciated with US wave is controlled by the properties of the medium and the applied forces. 
The velocity of sound in mixtures and suspensions will therefore be controlled by the 
mean density and mean compressibility as expressed by the Urick equation (see 
Eq.9.7-9.10). The equation can be formulated in terms of partial molar volumes by form¬ 
ing an identity between the volume fraction of the solute, its partial volume (V M2 ), the 
mean molar volume of the solution (V M ) and the mole fraction (c M ) as follows: 

0= V M2 cJV M (10.3) 

which establishes a quadratic dependence of US velocity on concentration. 



Applications of Ultrasound-Based Detection Techniques 


371 


10.3.2. Ultrasound-assisted detection and liquid systems 

Ultrasound measurements in liquids have been conducted in a variety of systems to 
extract a variety of information. More than fifteen years ago, Sarvazyan reviewed the topic 
and noted that US-based detection techniques could be used to study the hydration of 
biological substances and establish the status of water in the hydration shell, molecular 
transitions and interactions, thermodynamics and P-V-T state of biological substances in 
solution, and the conformational dynamics of proteins [75]. The expectations raised by 
this review have been fulfilled to a great extent judging by the increasing number of pub¬ 
lications that have ensued, which are briefly discussed in this section on various aspects 
of liquid systems. Thus, if the liquid consists of several immiscible liquids, the character¬ 
istics of the emulsions formed can be used as the targets of US measurements. If miscible, 
changes in the solution properties with changes in the relative proportion of its compo¬ 
nents can be the target. Finally, determining a given analyte can be another target of US 
measurements. 


Emulsions studies 

Many natural and processed materials (e.g. blood, milk, agrochemicals, explosives, foods, 
petrochemical and pharmaceuticals) consist either partially or wholly of emulsions, or 
have been in an emulsified state some time during their existence. Also, many important 
physico-chemical properties of emulsions including rheology, appearance, stability and 
chemical reactivity depend on the size of the droplets they contain. The importance of 
emulsions in nature and industry has given considerable impetus to the development of 
analytical techniques intended to provide information about droplet size (e.g. light 
microscopy, electron microscopy, dynamic and static light scattering and electrical con¬ 
ductivity), each having its own advantages and limitations, and a specific niche of mate¬ 
rials or applications is especially well suited to. Microscopic techniques provide the most 
direct information about the overall microstructure of emulsions (viz. the size and spatial 
distribution of droplets); however, sample preparation for analysis is often time consum¬ 
ing and laborious, and can alter the structures being examined. Particle-sizing instru¬ 
ments based on light scattering are simple to operate and give rapid measurements over 
a wide range of droplet size distribution (typically 0.1-1000 pm); however, concentrated 
samples must be diluted prior to analysis. Because of the need to dilute or physically dis¬ 
rupt emulsions prior to analysis, most existing techniques have limited use for analysing 
concentrated emulsions or for on-line measurements. Nuclear magnetic resonance 
(NMR) affords measurements of droplet size distribution of concentrated and optically 
opaque emulsions; however, the equipment needed is relatively expensive, requires highly 
skilled operators and is not easily adapted to on-line measurements. Ultrasound spec¬ 
trometry provides a useful way for particle sizing in emulsions by using two-step methods 
(namely, measurement of the ultrasonic velocity or attenuation, most often in the emul¬ 
sion, over a wide range of frequencies and conversion of the data obtained into a droplet 
size distribution by using a suitable mathematical theory — as described in Chapter 9). 

The greatest advantages of ultrasonic spectrometry over other particle sizing methods 
are its non-destructive, non-invasive nature; its applicability to concentrated and optically 
opaque emulsions; its relatively low cost and its measurement expeditiousness. In addi¬ 
tion, ultrasonic spectrometry can be easily adapted for on-line measurements, which is 
particularly useful for monitoring manufacturing operations involving emulsions. On the 
other hand, its greatest restrictions in this field are that it cannot be used to study 
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emulsions containing gas bubbles because these scatter US with high efficiency (even at 
low concentrations); and that it has limited application to highly dilute emulsions, where 
changes in ultrasonic properties with droplet size are of the same order of magnitude as 
the experimental error — the upper concentration limit, however, is only restricted by the 
ability to develop appropriate equations [76]. 

The ultrasonic properties of emulsions are usually frequency dependent, as are the 
effects of diffraction and transmission-reflection at multilayer boundaries. Thus, the fre¬ 
quency content of a US pulse used in an experiment is important. If a pulse contains a wide 
range of frequencies, then each frequency component will travel through a material at a dif¬ 
ferent velocity and will be attenuated to a different extent, so only average values will be 
measured. This problem can be overcome by conducting experiments at a particular fre¬ 
quency or by using Fourier analysis to examine the frequency content of broad-band pulses. 

Determining the droplet size distribution of an emulsion by ultrasonic spectrometry 
involves two steps. First, the ultrasonic velocity and (or) attenuation coefficient of the emul¬ 
sion is measured as a function of the frequency — preferably over as wide a range as 
possible. Second, the experimental measurements are compared with theoretical predic¬ 
tions of the ultrasonic properties of the emulsion, and the droplet size distribution provid¬ 
ing the best fit between theory and experiment is determined. 

Progress in theoretical and applied aspects of emulsions is reflected in the literature. 
One case in point is the comparison of velocity dispersion measurements of a broad-band 
pulse-echo method with those from a frequency scanning pulse-echo reflectometer, evalu¬ 
ation of the equation parameters by applying discrete Fourier transform to the echo signals 
and using the full-size information instead of mono-size information. Figure 10.7 shows 
the measured velocity dispersion in n-tetradecane in water emulsions at different concen¬ 
trations, as well as the measured particle size information used to obtain the velocity 
reference by applying Lloys and Berry’s multiple scattering theory [77]. 

On the other hand, the fact that ultrasonic velocity is independent of droplet size in the 
low and high frequency limits allows droplet concentrations to be determined without prior 
knowledge of the droplet size distribution from ultrasonic velocity measurements. Whether 
measurements are to be made in the low- or high-frequency regime depends on the size 
of the droplets and the range of frequencies which can be measured using available ultra¬ 
sonic equipment (typically 0.1-100 MHz). 

Ultrasonic techniques have also been used to study typical oil-in-water emulsions as 
such and those undergoing either depletion flocculation or floe disruption. These studies 
are of industrial interest as flocculation of the droplets within an emulsion may often be the 
first stage in the deterioration of a product; however, it can also be beneficial by increasing 
the apparent viscosity of the product via the formation of a continuous network of droplets. 

In an early three-part experiment involving three emulsions representing unflocculated, 
partially flocculated and fully flocculated systems, short acoustic pulses (10 ns) were 
transmitted through the test liquid and the signals at the receiver transducer amplified and 
digitized at 400 MHz. Signal processing involved correcting for radiation coupling and 
transducer effects, and obtaining the frequency response of propagation through the 
liquid from the fast Fourier transform of the corrected signal. The flocculating emulsions 
exhibited large changes during flocculation that could not be readily modelled using 
single-particle scattering theory; on the other hand, the ultrasonic properties of the unfloc- 
culated emulsion did not change during the measurement time, which confirmed that 
ultrasonic techniques are capable of detecting flocculation [78]. 

Depletion flocculation has also been induced in oil-in-water emulsions by adding 
different concentrations of a non-adsorbing biopolymer (xanthan) to the aqueous phase. 
At low frequencies, the attenuation coefficient of the emulsions decreased with increasing 
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Figure. 10 . 7 . Velocity dispersion in n-tetradecane in water emulsions at different con¬ 
centrations. (A) 5%. (B) 10%. 


flocculation through overlap of the thermal waves generated by the droplets; observa¬ 
tions, which were in good agreement with the theory, accounted for the influence of 
droplet flocculation on the ultrasonic properties of the emulsions. The ultrasonic tech¬ 
nique was also used to monitor the breakdown of floes under shear flow and revealed that 
ultrasonic attenuation is an appropriate tool for studying droplet interactions in concen¬ 
trated emulsions [79]. 

One topic of special interest in Spain is that involving two immiscible phases that form 
no emulsion such as that in the waste from the three starting phases in the extraction of 
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Particle size (|nm) 

Figure. 10.7. Cont’d. (C) 15%. Marks are the measured results while full lines are the 
reference values. (D) Particle size information measured to obtain a reference velocity by 
applying Lloys’ and Berry’s multiple scattering theory. (Reproduced with permission of 
Elsevier, Ref. [77].) 


olive oil (namely: the solid peel and bone phase, the aqueous phase and the oil phase); 
[80]. The aqueous phase known as “alpechin” contains small amounts of oil and — 
mainly — phenols, proteins and other organic polar compounds that are more soluble in 
the aqueous phase than in the oil phase; its monitoring during olive oil production pro¬ 
vides information of use for process control. The study involved measuring the ultrasonic 
velocity of water, oil and alpechin over the range 6 to 50°C at 1 MHz. Two semi-empirical 
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equations were used to assess the composition of oil and water which provided the deter¬ 
mination of coefficients higher than 0.97 for both media with no appreciable differences 
between vacuum or agitation conditions (see Fig. 10.8A). Figures 10.8B and C illustrate 
the behaviour of water, oil and alpechin with temperature — which was similar for water 
and alpechin and disparate for oil; and that of alpechin with variable oil contents are 
shown. The experiment demonstrated the feasibility of measuring the composition of 
alpechin by ultrasonically monitoring the extraction process in-line in order to calculate oil 
losses and adjust or stop the process if required. The temperature coefficient for the 
ultrasonic velocity of olive oil (- 3.45 m/s per °C) is very similar to that found by Ghaedian 
et al. [70] for sunflower oil (- 3.40 m/s per °C); therefore, this coefficient is not an effec¬ 
tive choice for discriminating oil types and absolute values of velocity at specific 
temperatures may provide a more sound approach. 



Temperature (°C) Temperature (°C) 



Figure. 10.8. Dependence of ultrasonic velocity on temperature in: (A) Alpechin under 
various experimental vacuum conditions and agitation. (B) Water, oil and alpechin. 
(C) Alpechin with variable oil contents as determined from in-line measurements. 
(Reproduced with permission of Elsevier, Ref. [80]). 
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Studies of miscible liquids 

The study of molecular interactions in liquid mixtures is of considerable importance in the 
elucidation of the structural properties of molecules. Interactions between molecules 
influence the structural arrangement and shape of molecules. Dielectric relaxation of 
polar molecules in non-polar solvents using microwave absorption has been widely 
employed to study molecular structures and molecular interactions in liquid mixtures [81]. 
Ever since Lagemann and Dunbar developed a US velocity approach for the qualitative 
determination of the degree of association in liquids [82], a number of scientists have 
used ultrasonic waves of low amplitude to investigate the nature of molecular interactions 
and the physico-chemical behaviour of pure liquids and binary, ternary and quaternary 
liquid mixtures, and found complex formation to occur if the observed values of excess 
parameters (e.g. excess adiabatic compressibility, intermolecular free length or volume) 
are negative. These parameters can be calculated from those for ultrasonic velocity (c) 
and density (p). Thus, 


Adiabatic compressibility (/3) = 1/c 2 p (10.4) 

Intermolecular free length (L f ) Kp v2 (10.5) 

where K adopts different values depending on the temperature. 

Molar sound velocity (R) = c V3 V (10.6) 

Molar compressibility (B) = (M/p)p~ V7 (10.7) 

where V and M are the molar volume and molecular weight, respectively. 

Specific acoustic impedance (Z) = pc (10.8) 


The excess adiabatic compressibility (/3 E ) and excess intermolecular free length (L £ f ) 
can be evaluated from: 


/^exp Adeal 

(10.9) 

and 


-f exp Lf jfjQgi 

(10.10) 


where /3 idea i and /_ fideah and their excess in mixture can be defined under the volume 
additive rule [83]. 

Other equations for calculating excess or apparent values, and tabulated values of 
selected US measurements of apparent molar adiabatic compressibility in a variety of 
solutions, can be found elsewhere [84]. 

Resonance US spectrometry has been widely used in studies involving miscible liquids. 
One examined the compressibility of alkyltrimethylammonium bromide micelles spanning 
a wide range of concentrations above and below their critical micelle concentrations. 
Measurements were made at 25°C and the resolution achieved, 10 -4 %, was more than 
20 times better than in previous studies. The apparent molar adiabatic compressibilities 
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of the monomer forms were found to decrease with increasing chain lengths — by a given 
amount per CH 2 group, — and the opposite trend was observed for the micelle forms. The 
coefficient of adiabatic compressibility of the internal cores of micelles was estimated to 
be very close to, but slightly lower than, that of pure hydrocarbon liquids having the same 
number of CH 2 groups [85]. The same research group recently investigated demixing and 
remixing in poly(A/-isopropyl acrylamide)-water solutions by RUS and compared the 
results to those provided by modulated temperature differential scanning calorimetry. The 
former technique was found to be capable of distinguishing between regions created as 
a function of temperature, namely a homogeneous region and a heterogeneous region, 
the latter consisting of two zones with and without interference of partial vitrification of the 
phase rich in the amide. The ultrasonic velocity decreased during phase separation by 
effect of a change in the hydration structure around the polymer chains; on the other 
hand, ultrasonic attenuation increased as aggregation set in. Isothermal measurements 
exhibited clearly a time-dependence of both velocity and attenuation [86]. Resonant US 
spectrometry has also been used in studies of polymers, as for the examination of segmen¬ 
tal motion and ion binding in polyelectrolyte polyacrylate, polyphosphate and polystyrene- 
sulphonate solutions by relaxation [87] and poly(vinyl alcohol)-dextran-water mixtures. 
Comparative results of US velocity, density, adiabatic compressibility, acoustic impedance 
and viscosity relaxation time as a function of temperature and concentration at 3 MHz 
proved the mode of interaction and the compatibility and miscibility between the two 
biologically active macromolecules at all concentrations and temperatures by cross- 
linking via hydrogen bonding of both biomacromolecules [88]. Assays with aqueous- 
dextran solutions of six molecular weights involving measurements of acoustic attenua¬ 
tion, velocity, impedance and density in the ultra-high frequency (UHF) and very high 
frequency (VHF) regions showed all four parameters to increase with increasing concen¬ 
tration and also that increasing the molecular weight increased the attenuation coefficient 
and decreased the velocity [89]. 

Ultrasonic interferometry has been used to study ternary mixtures of dimethylsulphoxide, 
phenol and o-cresol in carbon tetrachloride. The variation of adiabatic compressibility and 
intermolecular free length with the concentration suggested the occurrence of complex for¬ 
mation by intermolecular hydrogen bonding, which was confirmed from IR spectra [90]. 

Recently, Brillouin scattering has proved useful in this area for studying the frequency 
dependence of hypersonic (GHz zone) absorption and dispersion velocity in liquid sulphur 
dioxide [91]; the effect of isotopes on hydrodynamic fluctuations in self-associated fluids [92]; 
and the elastic properties of polyethylene glycol solutions in water, benzene and toluene [93]. 


Analytical uses of ultrasound spectrometry in homogeneous solutions 

Ultrasound-based detection is an excellent choice for food industries, where its use is in 
continuous expansion. Most studies in this area have used ultrasonic velocity to extract 
information about products, probably because it is the simplest, most reliable type of 
ultrasonic measurement. Thus, it has been used to determine the chemical structure 
(including chain length and degree of unsaturation) of various oils [94], oil composition 
and adulteration [95]; the correlation of the proportion of polar compounds to ultrasonic 
velocity and attenuation in fried olive oil [96]. 

Ultrasound-based detection is of great interest for the pharmaceutical industry as, in 
addition to its ability for fast non-destructive analysis and easy adaptation to real process 
time monitoring in both batch and continuous systems, it has the potential to simultane¬ 
ously monitor concentrations of both the drug and the excipient in a solution. These pos¬ 
sibilities have recently been demonstrated by using a high-resolution ultrasonic spectrometer 
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for the simultaneous monitoring of a model excipient (hypromellose acetate succinate 
polymer) and a model drug (Fenofibrate) in an acetone solution with adequate accuracy 
and precision from velocity or attenuation measurements. The latter parameter was found 
to be directly proportional to the concentrations of both polymer and drug, and attenua¬ 
tion to be directly proportional to the polymer concentration in solution; this allowed both 
concentrations to be simultaneously determined in a test solution. However, both temper¬ 
ature and moisture had a significant influence on measurements; thus, the change in 
velocity was inversely proportional to the change in temperature, and directly proportional 
to the change in moisture content in the solutions [97]. 

In 1998, Su et al. reported several continuous methods based on the combination of a 
flow injection manifold, a gas-diffusion unit and a bulk acoustic impedance sensor. The 
sensor was constructed by connecting an AT-cut piezoelectric quartz crystal and a con¬ 
ductivity electrode in series and provided some advantages over classical conductimeters. 
Figure 10.9 shows the overall system. Samples (namely blood for the determination of 
total ammonia or total carbon dioxide [98], fermentation products for the determination of 
volatile acidity [99], wines for the determination of sulphite [100] and water or human 
saliva for the determination of nitrite or nitrate [101]) were injected into a carrier stream 
and merged with the reagent to form volatile species which were passed through the 
diffusion membrane to an acceptor stream for transfer to the detector (with or without their 
previous derivatization). The lack of selectivity of the sensor was overcome by previously 
separating the target analytes. 

More recently, the previous group used the same impedance sensor batchwise for 
in situ monitoring of the whole process behind DNA oxidative damage induced by the 
vitamin C-Fe(lll) system through its real-time response to density-viscosity changes 
in the tested solution due to the damage in the DNA molecules. The end-point frequency 
change of the sensor was found to be linearly related to the initial concentration of 
DNA over the range 40-1000 jig/ml; also, the exponential relationship between the 
frequency change and the damaging time suggested a first-order kinetics for the 
reaction [102]. 



Figure 10.9. Continuous system used by Su et al. to implement various analytical 
methods including a flow-injection manifold, a gas-diffusion unit and a bulk acoustic 
impedance sensor. A acceptor, BAWIS bulk acoustic wave impedance sensor, C — carrier, 
GDC — gas diffusion cell, IV — injection valve, PP — peristaltic pump, R — reagent, 
RC — reaction coil, SL — sample loop, W — waste, WB — water bath. (Reproduced with 
permission of Elsevier, Ref. [98].) 
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10.4. ULTRASONIC ANALYSIS OF HETEROGENEOUS SAMPLES 

This section deals with measurements in systems involving two different physical states. 
Although immiscible liquids are also heterogeneous from a chemical point of view, they 
have been included in Section 10.3 as they are ultimately liquid systems, therefore, only 
solid-liquid, solid-gas and liquid-gas systems are dealt with in. 


10.4.1. Solid-liquid samples 

Advances in the understanding of US propagation through liquid and viscoelastic materi¬ 
als have allowed scientists to successfully use US for the characterization of suspensions 
in addition to emulsions and solutions. Of the two major primary US spectrometry vari¬ 
ables, velocity (phase) is used mainly to study inter- and intra-molecular processes and 
attenuation (amplitude) for particle sizing. Both types of measurement are provided by 
commercial instruments and used in combination to ensure more accurate particle size 
and particle size distribution determinations than can either by itself. 

Ultrasound attenuation spectrometry (UAS), also known as “ultrasonic extinction spec¬ 
trometry”, has proved to be applicable over a wide range of particle sizes (between 10 nm to 
1 mm) and at very high concentrations (volume fractions from 0.1 to 50%), thus dispensing 
with the need for sample dilution and preparation, and enabling the study of particle 
systems in their original state of dispersion and facilitating the determination of, for exam¬ 
ple, agglomeration or flocculation parameters. These features make UAS attractive for 
monitoring particle formation processes as it allows the rapid characterization of particu¬ 
late suspensions by using models such as that of Epstein-Carhart-Allegra-Hawley 
(ECAH) [103] to transform US attenuation measurements into particle size and concen¬ 
tration information, provided a set of physical properties is known for the suspending and 
the suspended media. This model can be implemented in terms of the velocity or attenu¬ 
ation of the ultrasonic wave; the density of the target system; or its thermal expansion 
coefficient, heat capacity, thermal conductivity, viscosity (for the continuous phase and 
dispersed liquids) or shear rigidity (for a solid dispersed phase). Reliable data for all these 
properties are not always available and inaccuracies in them influence particle size and 
concentration calculated values. Errors in these properties should be less than 1% 
if errors in calculated mean size and concentration are to be kept below 3 and 6%, 
respectively [103]. 

Moreover, particle sizing by UAS involves not only the accurate description of the func¬ 
tional dependence of US attenuation on particle size and frequency, but the inversion 
from measured attenuation spectra to particle size distribution as well. Since the spectro¬ 
scopic measurements are conducted at a certain number of frequencies, the calculated 
size distribution can be described ideally by the same number of parameters. In practice, 
however, this number is considerably reduced, because measurement errors cause loss 
of information. This effect results from the physical nature of UAS and applies to any 
measurement problem involving integral equations with smooth kernel functions (e.g. light 
scattering and electroacoustics) [104]. The development of new ultrasonic transducer 
technology, together with advances in digital signal processing is paving the way for more 
powerful uses of UAS. One case in point is the multi-frequency pulse instrument for 
on-line measurements reported by Goodenough etal., a variable path length pulse device 
which produces both time- and frequency-domain data and was designed to solve prob¬ 
lems identified with pulse ultrasonic devices such as: (1) reference fluid calibration, which 
is susceptible to reference fluid integrity, reference value and temperature measurement 
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accuracy, and thermal expansion of the cell after calibration; (2) probe delay diffraction 
and impedance mismatches between the reference and test fluid; (3) poor accuracy and 
repeatability; (4) limited range of ultrasonic parameters, with systems often specializing in 
either time-domain or frequency-domain data, but not both. These problems can be 
solved by making amplitude and time-of-flight measurements at multiple distances and 
using rates of their change to calculate US attenuation and velocity over a range of 
distances; this avoids the need to rely on absolute distance measurements, allows fluid 
normalization of amplitude data, and intrinsically averages measurements for greater 
accuracy and repeatability [105]. This instrument was found to provide accurate measure¬ 
ments of the concentration of particulate matter in a fluctuating high temperature liquid 
system, where the two main problems (viz. thermal expansion and thermal variation in 
ultrasonic outputs) were solved by using multi-distance measurements and low-frequency 
spectrometry (2-16 MHz), respectively [106]. 

Most areas of interest for determinations of particle size have been covered by 
ultrasonic spectrometry, and are discussed briefly below. 


Food analysis 

Some foods that are liquid over long time periods can behave like solids when stressed 
over short time periods (shear thickening) and vice versa (shear thinning). Shear thinning 
foods include yogurt and gravy and shear thickening foods custard powder mixed with 
little sugar and milk which behaves like a liquid when stirred slowly, but thickens into a 
solid when stirred more quickly. There is experimental evidence of the utility of US-based 
detection with these types of samples. Thus, measurements of ultrasonic attenuation can 
be used to extract information on aggregation and molecular relaxation from whey protein 
molecules — which are used as functional ingredients in food products on account of their 
ability to enhance the texture and stability of emulsions, foams and gels — in aqueous 
solutions. This information can be employed to probe changes in both molecular relax¬ 
ation and aggregation with variables such as temperature, pH, ionic strength and 
mechanical forces with a view to improving available knowledge about the relationship 
between the molecular and functional properties of proteins [107]. Ultrasonic velocity has 
been used in addition to attenuation to study the gelation of milk components, which is 
related to the action of milk proteins [108,109]. 

Ultrasonic velocity spectroscopy has been used for the determination of the solid fat con¬ 
tent in anhydrous milk fat, cocoa butter and mixtures thereof with canola oil. For this purpose, 
in situ measurements of ultrasonic velocity during cooling (50-5°C) and heating (5-50°C) of 
the fat at 1°C/min were performed. One shortcoming encountered was that ultrasonic veloc¬ 
ity was highly dependent on the microstructure and polymorphism of the solid fat, being 
higher for fats in more stable polymorphic forms. Also, high signal attenuation was observed 
in milk fat and cocoa butter at low temperatures, particularly after a 24-h storage [110]. 


Other industrial areas 

Inhomogeneities in particle-packed structures arising during shape forming of ceramic 
powders should be carefully controlled because they can cause fracture in sintered 
materials or lead to shape distorsion and cracking during drying, pyrolysis and sintering. 
Such inhomogeneities are closely related to the particle size distribution in highly con¬ 
centrated slurries prepared without dilution. Ultrasonic attenuation spectroscopy is an 
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effective alternative to light scattering spectroscopy for the determination of particle size 
distributions in these materials as it allows one to discriminate between well-dispersed 
and flocculated states in highly concentrated slurries [111]. This type of analysis can 
easily avoid problems arising prior other operations such as casting or firing. 

As noted in Section 10.2.4, solid formation from a liquid medium has been efficiently 
monitored with US-based detection techniques of widespread industrial use. Thus, pulse- 
echo ultrasonic spectroscopy has proved to be an effective choice for the on-line monitor¬ 
ing of the solidification rate of metallic alloys and allowed the development of a method 
for controlling the growth velocity during directional solidification via the furnace velocity 
and accomplishing steady-state solidification [112]. Pulse-echo ultrasonic spectroscopy 
has also been employed to monitor the polymerization of dicyclopentadiene, which gives 
a commercially important thermoset polymer with high modulus, impact strength and 
chemical resistance. The monitored parameters were the density, wave speed, acoustic 
modulus and attenuation. The rate constants for the metathesis of cyclopentyl unsatura¬ 
tion provided by ultrasonic spectroscopy were similar to those obtained with FTIR; how¬ 
ever, consistency was not so good for other steps of this polymerization reaction 
(particularly norbornyl unsaturation) [113]. 

Measurements of ultrasonic attenuation and velocity have been used to study the rhe¬ 
ological properties of concentrated dispersions, which are of great importance in many 
technological applications. One example is the use of carbon black for manufacturing 
inks, where it is often used in combination with waterborne acrylic resins acting as cross- 
linking polymer networks. Although the printing process involves many high-shear interac¬ 
tions, understanding the low-shear behaviour of the ink is the key to determine its 
properties (viz. tack, transference, cohesion and drying) [114]. 


Less common ultrasound-based detection techniques for 
solid-liquid measurements 

Brillouin scattering spectrometry (BSS) is also highly suitable for measurements of 
solid-liquid systems since the viscoelastic properties of materials determine the dynam¬ 
ics of thermal density fluctuations in liquids and reflect in the Brillouin spectrum. As a 
result, BSS has become a powerful tool for examining the dynamic properties of glass¬ 
forming materials. The use of tandem multi-pass Fabry-Perot interferometers (FPI) has 
facilitated strong progress in contrast and resolution, and allowed the obtainment of over¬ 
lap-free Brillouin spectra over wide frequency ranges (e.g. from 0.5 to 1000 GHz). The 
relatively long acquisition time of conventional scanning-type FPI has been a problem for 
measuring acoustic properties in transient changes such as those arising during 
liquid-glass transitions in low molecular weight compounds. Small-sized molecular liquids 
need a fast cooling rate to change into a glassy state and avoid crystallization; therefore, 
they require a short acquisition time. The evolution of non-scanning angular dispersion 
FPI (ADFPI) instruments, which are combinations of a solid etalon and a multichannel 
detector such as a CCD or a photodiode array detector, has recently solved the problem 
by enabling the Brillouin spectra from normal and supercooled liquids to the glassy state 
to be monitored. The glass-forming or crystallization tendency, and the behaviour of 
aminopropanols with different chemical structures, were thus determined and the differ¬ 
ent vitrification tendency between racemic liquids and their pure enantiomers over the 
cooling rate range 2-4 K/min was established [115]. 

Ultrasonic diffraction grating spectrometry (UDGS) has proved to be a useful technique 
for measuring US velocity in liquids and slurries, and particle size in a slurry by using 
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a special type of attenuation. As explained in Chapter 9, the back of a grating surface in 
contact with the liquid or slurry is struck by a longitudinal wave from the send transducer 
at an incident angle of 30° and the receive transducer is used to measure the reflected 
diffracted m = 0 longitudinal wave. As the frequency decreases, the m = 1 transmitted lon¬ 
gitudinal wave in the liquid moves to a larger angle (e.g. for water, the angle becomes 90° 
at 5.67 MHz); at such a frequency, called the “critical frequency”, the wave becomes 
evanescent and, at a slightly smaller frequency, the evanescent wave disappears. In order 
to conserve the energy, this is distributed to all other waves, and an increase in amplitude 
of the reflected m = 0 signal is observed. The ability of UDGS to measure particle size 
arises from penetration of the evanescent wave into the slurry, where some attenuation 
of the signal occurs as the wave interacts with the particles, so the signal measured by 
the receive transducer decreases in amplitude as a result. Since the attenuation is 
dependent upon particle size, an algorithm can be developed to determine particle size 
or a calibration curve constructed from appropriate standards [116]. 

A special type of hybrid measurements involving a quartz crystal microbalance (QCM) 
and an impedance analyser was used to study the variability of acoustic properties of 
living cells on the sub-second time scale. Changes in susceptance and conductance 
caused by changing the ultrasonic frequency were monitored in a fast mode in order to 
detect periodic, synchronous contractions of the cell layer in the quartz crystal; the con¬ 
tractions were clearly reflected in periodic variations of the resonance frequency and 
bandwidth [117]. 


10.4.2. Solid-gas samples 

Applications of ultrasonic techniques to solid-gas systems rely on the fact that velocity 
and attenuation of US-waves in porous materials is closely related to pore size, porosity, 
tortuosity, permeability and flux resistivity. Thus, the flux resistivity of acoustic absorbents 
can be related to US attenuation [118,119], while the velocity of slow longitudinal US is 
related to pore tortuosity and diffusion, and transport properties, of other porous materi¬ 
als [120]. Ultrasound attenuation is very sensitive to the presence of an external agent 
such as moisture in the pore space [121] and has been used to monitor wetting and drying 
processes [122]; on the other hand, US velocity has been used to measure the elastic 
coefficients of different types of paper and correlate them with properties such as tensile 
breaking strength, compressive strength, etc. [123]. 

The so-called “gas-coupled ultrasonic spectroscopy” is the most useful US-based 
detection choice for extracting valuable information from gas-solid systems. This tech¬ 
nique is based on the spectral analysis of broad-band ultrasonic pulses transmitted 
through samples and on the solution of the so-called “inverse problem” [124]. The situation 
is schematically depicted in Fig. 10.10. The transmitter transducer launches US signal 
which travels through a gas gap and impinges normally on the sample surface; part of the 
energy is reflected back while the rest is transmitted into the sample. The transmitted wave 
propagates through the sample and reaches the back surface; there, part of the energy is 
reflected back and the rest is transmitted through the interface and received at the receive 
transducer after travelling through a gas phase. This process is repeated for each of the 
multiple internal reflections in the sample. When the delay time between consecutive inter¬ 
nal reflections at the sample surface equals 1/f (Z 7 being the wave frequency) a constructive 
interference between multiple reflections within the sample is built up. When this construc¬ 
tive interference takes place at the rear surface of the sample, the maximum value of the 
transmitted energy is observed: this is a thickness resonance of the sample. 
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Figure 10 . 10 . Scheme of the process occurring in the gas-coupled ultrasonic spec¬ 
troscopy of gas-solid systems. (Reproduced with permission of Elsevier, Ref. [125].) 


Theoretical modelling of the problem of transmission of US waves through a sample 
separating two media has been carried out in terms of plane longitudinal waves, normal 
incidence and one-dimensional model and a membrane as sample; also, the US velocity 
and attenuation, and the density of the membrane have been determined [125]. 
Comparison of the results with properties of the membranes showed US attenuation to 
be independent of pore size, water flow and bubble point; on the other hand, US velocity 
was found to be clearly correlated with all these factors. Applicability of the theoretical 
analysis required that the sample be homogeneous and plate-shaped (with its surfaces 
flat and parallel); plane wave is assumed in such a way that diffraction effects of the US 
beam must be negligible and the pore size much smaller than the wavelength, so that the 
two-phase porous media can be replaced by an effective homogeneous medium. A more 
refined approach to examine wave propagation in porous media is provided by Biot’s 
theory [126], which predicts the appearance of two different longitudinal modes. 

Typical applications of gas-coupled ultrasonic spectroscopy include the characteriza¬ 
tion of other porous materials such as rocks [120], paper [127], wood [128] and silica 
aerogels [129]. 

One other wide field of application of solid-gas US-based detection is food analysis of 
heterogeneous, solid-gas samples as many foods consist of air bubbles or cells distrib¬ 
uted in a visco-elastic solid matrix (e.g. confectionary). The shelf life, texture and appear¬ 
ance of these foods are strongly influenced by the size and concentration of the bubbles 
they contain. It is therefore important to prevent changes in the characteristics of the bub¬ 
bles over time. There is currently a lack of analytical techniques capable of providing 
information on bubble characteristics in aerated foods for fundamental studies aimed at 
improving our understanding of the relationship between bubble characteristics and bulk 
properties of aerated foods, many of which are optically opaque or have delicate struc¬ 
tures that are easily damaged by physical manipulation. Research in progress aimed 
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at establishing theoretical equations fitting most real-life situations should be supplemented 
with further work aimed at quantifying bubble size and concentration in aerated foods. 


10.4.3. Liquid-gas samples 

It has been known for many years that US can be used to determine the size and 
concentration of air bubbles in highly dilute systems [130] by recording the ultrasonic 
velocity and (or) attenuation spectra for an ultrasonic wave transmitted through a bubbly 
liquid. Information about bubble properties can thus be obtained by interpreting the spec¬ 
tra in the light of an appropriate theory. This approach is unsuitable for the analysis of aer¬ 
ated materials containing relatively high concentrations of bubbles (>0.1%) because the 
ultrasonic signal is so highly attenuated that it cannot be propagated far enough through 
the sample to be detected. Preliminary studies conducted in the early 2000s showed that 
information about bubble characteristics in concentrated systems can be obtained if the 
ultrasonic wave is reflected from the surface of the sample rather than transmitted through 
it [131]. These achievements were later confirmed by the development of an ultrasonic 
spectrometer generating a broad-band pulse (1 to 7 MHz) that travelled along a perspex 
delay line and was reflected from the delay line-sample interface, the reflected pulse 
being detected by the same transducer. The received signal was averaged 200 times in 
order to improve the signal-to-noise ratio, and the magnitude M and phase of the pulse 
y/ handled as a function of the frequency, using FT analysis. The reflectance of foams 
cannot be calculated from Eq.9.27 — neither can the impedance thus be obtained from 
it, — as characterizing aerated systems requires relating the measured acoustic imped¬ 
ance to the bubble characteristics, which, in the case of a bubbly liquid, are related to its 
physical and acoustic properties by the equation: 

Z = coplK (10.11) 


where co is the angular frequency (= 2 rtf), p the density and K the propagation constant. 
For a dilute suspension of non-interacting spherical bubbles having radii appreciably 
smaller than the acoustic wavelength, the following expression can be used for the 
propagation constant: 


K = k, 


1 


3/'<M 

w 


9/0A, 

w 


( 10 . 12 ) 


where /c 1 is the propagation constant of the continuous phase (= colc 1 + iaa c the ultra¬ 
sonic velocity, a the attenuation coefficient, / = — 1,0 the volume fraction of the bubbles, 
r their radius, and A 0 and >4 1 are the monopole and dipole scattering coefficients of the 
bubbles. Expressions for these scattering coefficients available in the literature [132,133] 
have been employed by their proponents as no general expressions for the propagation 
constant of concentrated bubbly liquids have been derived owing to the difficulties 
involved in theoretically modelling the propagation of ultrasonic waves through such a 
complex system. Despite these limitations, ultrasonic impedance spectra were shown to 
vary with bubble size and concentration in a manner that can be qualitatively predicted by 
the theory [134]. 

Ultrasonic detection has proved to be an excellent tool for characterizing blowing 
processes, as shown by monitoring blowing in sponge rubber via measurements 
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of the amplitude of echo signals and the travel time of ultrasonic waves into the rubber 
samples under heating to decompose the chemical blowing agent at atmospheric pres¬ 
sure at a constant sample thickness between the ultrasonic probes [135]. Also, ultrasonic 
quasi -static characterization can effectively mimic the pressure, temperature and time 
conditions prevailing during the injection molding of cross-linked low density foams; this 
allows the blowing process to be monitored via ultrasonic velocity, attenuation and spe¬ 
cific volume measurements [136]. 

As with solid-gas systems, food analysis is one of the widest fields of application 
of US-based detection since typical foods such as ice cream or whipped cream consist of 
air bubbles distributed in a visco-elastic liquid [137]. 


10.5. CONCLUSION 

This Chapter aims to provide an overview of the underexploited, poorly known potential 
of US-based detection techniques in the analytical field. 

Readers interested in delving deeper into this subject should take into account that 
the performance of available instrumentation and the continuous emergence of new 
systems from which information is required, need the development of new, more ambitious 
applications. 
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LIST OF ABBREVIATIONS 


- ultrasound amplitude 

- ultrasound attenuation 

- atomic absorption spectrometry 

- angular dispersion Fabry-Perot interferometer 

- atomic emission spectrometry 

- atomic force microscopy 

- atomic fluorescence spectrometry 

- acoustic microscopy 

- active oxygen method 

- avalanche photodiode 

- accelerated solvent extraction 

- atmosphere 

- adenosine triphosphate 

- arbitrary unit 

- complex propagation constant 

- Brillouin scattering spectroscopy 

- concentration 

- ultrasound velocity 

- elastic constant 

- circa (approximately) 

- coupled-charge detector 

- capillary electrophoresis 

- chemical oxygen demand 

- certified reference material 

- continuous ultrasound-assisted leaching 

- decibel 

- Discrete Fourier Transform 

- dimethyl formamide 

- dimethylglyoxime 

- deoxyribonucleic acid 

- diamond particle density 

- diphenyltin 

- discrete ultrasound-assisted leaching 

- electrodynamic 

- ethylenediaminetetraacetic acid 

- exempli gratia (for example) 

- electromagnetic 

- electromagnetic-acoustic transducer 

- extracorporeal shock wave lithotripsy 

- et alii (and others) 

- electrothermal atomic absorption spectrometry 

- frequency 

- flame atomic absorption spectrometry 

- flow injection 

- flame ionization detector 

- figure 
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List of abbreviations 


FPI 

- 

Fabry-Perot interferometer 

FTIR 

- 

Fourier transform infrared 

GC 

- 

gas chromatography 

GHz 

- 

gigahertz 

GPa 

- 

gigapascal 

GSAW 

- 

generalized surface acoustic wave 

GUV 

- 

giant unilamellar vesicle 

HAp 

- 

hydroxyapatite 

HG 

- 

hydride generation 

HIFU 

- 

high-intensity focused ultrasound 

HLB 

- 

hydrophile-lipophile balance 

Hz 

- 

hertz 

ICP 

- 

inductively coupled plasma 

i.e. 

- 

id est (that is) 

IUPAC 

- 

International Union of Pure and Applied Chemistry 

IWR 

- 

intermediate wavelength regime 

kDa 

- 

kilo dalton 

KHP 

- 

potassium hydrogen phthalate 

kHz 

1 

— 

kilohertz 

litre 

LC 

- 

liquid chromatography 

LED 

- 

light-emitting diode 

LIF 

- 

laser-induced fluorescence 

LIP 

- 

laser-induced phosphorescence 

LLE 

- 

liquid-liquid extraction 

LLW 

- 

leaky Lamb wave 

LMP 

- 

liquid membrane process 

LUR 

- 

laser-ultrasound resonance 

LUV 

- 

large unilamellar vesicle 

LVI 

- 

large-volume injection 

LWR 

- 

long wavelength regime 

MAE 

- 

microwave-assisted extraction 

MALDI 

- 

matrix-assisted laser desorption-ionization 

MART 

- 

magnetostrictive transducer 

MF 

- 

microfiltration 

MHz 

- 

megahertz 

min 

- 

minute 

MIP 

- 

microwave-induced plasma 

MIRS 

- 

mid-infrared spectrometry 

MLV 

- 

multilamellar vesicle 

MPa 

- 

megapascal 

MPhT 

- 

monophenyltin 

MS 

- 

mass spectrometry 

MW 

- 

multi-vesicular vesicle 

NAP 

- 

near-field acoustic processor 

Nd:YAG 

- 

neodymiunryttrium aluminium garnet 

NMR 

- 

nuclear magnetic resonance 

Np 

- 

neper 

NUSA 

- 

non-ultrasound-assisted 

Oe 

- 

oersted 
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OED - Oxford English Dictionary 

P - instantaneous acoustic excess pressure 

PAH - polycyclic aromatic hydrocarbon 

PAN - polyacrylonitrile 

PCB - polychlorinated biphenyl 

PCR - polymerase chain reaction 

PLE - pressurized liquid extraction 

PMC - polymer matrix composite 

PSAW - pseudo -surface acoustic wave 

PTFE - polytetrafluoroethylene 

PTV - programmed-temperature vaporizer 

PVDF - polyvinylidene fluoride 

QCM - quartz crystal microbalance 

R - reflection coefficient 

rf - radio frequency 

RM - reference material 

RSD - relative standard deviation 

RST - resonant sphere technique 

RUS - resonance ultrasound spectroscopy 

s - second 

SAM - scanning acoustic microscopy 

SAW - surface acoustic wave 

SCE - saturated-calomel electrode 

SDME - single-drop microextraction 

SEM - scanning electron microscopy 

SERS - surface-enhanced Raman scattering 

SFE - supercritical fluid extraction 

SLM - spatial light modulator 

SLS - sodium lauryl sulphate 

SM&T - Standards, Measurement and Testing Programme 

SNR - signal-to-noise ratio 

SONAR - SOund Navigation And Ranging 

SP - sample preparation 

SPE - solid-phase extraction 

SPME - solid-phase microextraction 

SUV - small unilamellar vesicle 

SWR - short wavelength regime 

T - transmission coefficient 

TDR - time-domain reflectometry 

TGA-DSC - thermogravimetric analysis-differential scanning calorimetry 

ThOD - theoretical oxygen demand 

TPhT - triphenyltin 

TT - time threshold 

UAS - ultrasound attenuation spectrometry 

UBM - ultrasound biomicroscopy 

UDGS - ultrasonic diffraction grating spectroscopy 

UF - ultrafiltration 

UHF - ultra-high frequency 

URS - ultrasonic relaxation spectroscopy 

US - ultrasound 
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List of abbreviations 


USAL 

USASD 

USASTD 

USLLE 

USN 

USNn 

VHF 

viz. 

vs 

W 

CO 

WTNID 

Z 


- ultrasound-assisted leaching 

- ultrasound-assisted soft digestion 

- ultrasound-assisted strong digestion 

- ultrasound-assisted liquid-liquid extraction 

- ultrasonic nebulizer 

- ultrasonic nebulization 

- very-high frequency 

- videlicet (namely) 

- versus (against) 

- watt 

- angular frequency 

- Webster’s Third New International Dictionary 

- acoustic impedance 
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INDEX 


A 

absorption, US 171, 313, 328, 329, 332, 337 
acoustic microscopy 300, 302, 309, 

313, 335, 341 

aerosoling, US-assisted 184-185 
droplet 

aggregation 185 
size, equation 185 
aerosolization (see aerosoling) 
agglomeration, US-assisted (see 
aggregation) 

aggregation, US-assisted 46, 143, 153 
applications 
biochemical 159-161 
inorganic 159 
organic 159 
mechanisms 
solid-gas 154 
solid-liquid 155 
variables influencing 
dispersive medium, nature 156 
frequency, intensity, US 156-158 
initial particles, size 156 
streaming, large scale 158-159 
thermal convection 158-159 
analytical sample 
definition 35 

atomization (see also spray drying, 
first step) 
attenuation, US 

coefficient 311-312, 314-315, 319, 330, 
332, 372, 377, 384 
equations 314-320 

B 

biofilm removal, US-assisted 61 
bioleaching, US-assisted 135-137 
advantages 137 
definition 135 
disadvantages 137 
Brillouin 

scattering 329-330, 336, 341, 353, 

377, 391 
equations 330 

Brillouin scattering spectroscopy (BSS) 
308-309,336,340 
domain 

frequency 336, 379, 390 
time 336, 379, 390 


cell-disruption, US-assisted 92-94 
devices 94 

chemical oxygen demand determination, 
definition 240-241 

chemical oxygen demand determination, 
US-assisted 240-243 
cleaning baths (see also ultrasonic baths) 
commercial 56, 59 
custom-made 59 
cleaning, US-assisted 56-62 
clinical 59 
food 59 
jewellery 62 
membranes 61 
metal surfaces 62 
mineral suspensions 62 
solvents 56-58 
commercial US devices 
analysis, high-throughput 25 
scaled up 25-26 
industrial 26-27 

continuous liquid-liquid extraction 46, 113, 200 
continuous US-assisted approaches SP 
commercial 53 
laboratory-made 53 
couplant solution 302 
crystallization, US-assisted (see also 
sonocrystallization) 
nucleation 
homogeneous 176 
primary 176 


decontamination, US-assisted 60 
decoupling, US 8, 101, 105, 130 
defoaming, definition 48 
defoaming, US-assisted 186-187 
mechanisms 186 
variables influencing 187 
amplitude 187 
frequency 187 
intensity 187 
degassing 
analytical 48 
clinical 64 
definition 48 
industrial 63 
US-assisted 62, 187 
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Index 


degradation, US-assisted 250 
deliquoring (see dewatering), definition 168 
derivatization, US-assisted 44, 227-233 
complex formation 232-233 
organometallic compounds, ethylation 232 
reactions 
addition 231 
alkylation 230 
depolimerization 228 
esterification 228 
redox 228 

detection, US-based 
applications 351-385 
analytical 368 
art characterization 361 
damage 364 
degradation 364 
emulsion studies 371 
evolution monitoring 362 
fatigue 364 

membrane cleaning 365 
membrane compaction 365 
membrane fouling 365 
microstructures 359 
thickness 359 
frequency applied 

broad-band pulse 306-307, 331, 334, 

342, 372, 384 

discrete (tone-burst pulse) 306 
frequency range 356, 381 
instruments 

commercial 300, 342, 379 
laboratory-made 300, 338 
measurements, 330-333 
back-scattered Rayleigh surface wave 332 
diffraction 333 
interferometric 332 
primary 379 
pulse-echo 331 
resonance 332 
secondary 337 
transmission 330 
medical applications 368 
miscible liquid studies 376 
samples, types 
heterogeneous 379 
liquid samples 369 


diffraction, US 383 
digestion 
definitions 38 
media 
acid 86-87 
basic 87 
attack 

moderate 88 
strong 88 
total 88 

digestion, microwave-assisted 85 
digestion, US-assisted 69 
applications 81 
enzymatic 91-92 
applications 92 
mechanisms 77 
procedure 71 
soft 75-82 
applications 81 
scope 75 
strong 82-91 
applications 88 
scope 75 

synergistic effects 89 
variables affecting 72 
particle size 74 
pressure 73 
probe depth 74 
probe-cell distance 75 
pulse duration 75 
radiation amplitude 73 
solvent characteristics 73 
stirring 73 
temperature 73 
transmitting liquid 73 
vessel position 74 
vessel shape 72 

discrete US approaches, SP 49-56 
commercial 49 
laboratory-made 49 
disinfection, US-assisted 60 
dissolution 
definition 38 
direct 42, 69, 75-76 

dynamic US-assisted approaches, SP (see 
continuous US-assisted...) 


liquid-gas 379, 384 
solid samples 353 
solid-gas 382, 379 
solid-liquid 379, 
signal processing 333 
dewatering 
definition 168 
effects, US, 168 


Eckart streaming (see large scale 
streaming) 
elastic constants 
modulus 
bulk 313, 354 
compression (K) 354, 362 
elastic 312, 354 
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elastic constants (Continued) 
shear 313, 354, 356 
Young’s 354 
Poisson’s ratio 335, 354, 

356-357, 362 

electroanalytical techniques, US-assisted 
255, 281 

electrode depassivation, US-assisted 282 
electrospray formation, US-assisted 
263-264 
emulsification 
definition 202 
oil-in-water 203, 210, 214 
water-in-oil 203, 218, 279 
emulsification, US-assisted 203-219 
applications 217 
approaches, performance 209 
continuous 205 
diameter, Sauter 209-210 
discrete 205-206 
mechanisms 204 
stopped-flow 207-208 
variables influencing 211-217 
dissolved gas 217 
hydrostatic pressure 215 
irradiation power 211 
irradiation time 214 
surfactant concentration 216 
tip diameter 213 
US source, position, liquid-liquid 
interface 213 
vessel geometry 213 
viscosity 215 

volumes phases, ratio 214 
extraction, definitions 40 

F 

filtration, US-assisted 161-169 
applications 168 
definition 161 

filterless, chambers 162, 169 
mechanisms 163 
models 163 

variables influencing 164-168 
feed flow 167 
membrane, nature 168 
osmotic pressure 166 
particle concentration 167 
US frequency, intensity 165 
US power 165 

US propagation direction 165 

G 

gas-coupled ultrasonic spectroscopy 
382-383 


H 

health, US 30 
hearing, US 30 

heterogeneous reactions, US-assisted 249 
high-resolution ultrasonic spectroscopy 
(see resonance ultrasonic 
spectroscopy) 
homogenization 
definition 202 
US-assisted 202 

homogeneous reactions, US-assisted 249 
hydrodynamic cavitation 10, 12 
hydrolysis reactions, US-assisted 
246-248 

I 

immersible US devices 27 
impedance, acoustic 327-328 
characteristic 328 
equations 328 
resistive 328 
specific 327 

L 

leaching, definitions 40 
leaching, US-assisted 99 
baths 

approaches 

continuous-discrete, comparison 101 
continuous 
applications 124 
approaches 110 
cells 102-103 
coupling 
CE 114 
detection 114 
filtration 116 
GC 120 
HPLC 120 

preconcentration/clean-up 76, 116 
discrete 

applications 124 
approaches 104 
dynamic (see continuous) 
mechanisms 99-100 
other leaching alternatives, 
comparison 120 
conventional Soxhlet 122 
microwave-assisted leaching 124 
SFE 123 
performance 101 
probes 101 

subsequent steps, coupling 
off-line 113 
on-line 114 
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Index 


leaching, US-assisted (Continued) 
techniques, other, combination 134 
electrokinetic remediation 135 
SFE 134 
Soxhlet 134 
variables affecting 
dynamic 110 
leachant 109 
modifiers 109 
particle size 109 
probe-vessel distance 107 
pulse duration 106 
sample container, shape 110 
sample-leachant ratio 110 
stirring 110 
temperature 108 
transmitting liquid 108 
US amplitude 105 
US frequency 106 
US time 108 
vessel position 107 
levitation, acoustic (see US-assisted) 
levitation, aerodynamic 267 
levitation, electrostatic 267 
levitation, magnetic 266 
levitation techniques, comparison 270 
levitation, US-assisted 
applications 278 
approaches 270 
detection systems 276 
devices 

sample, reagent delivery 270 
sample/aliquot transfer 275 
ultrasonic levitators 273 
liposome-based sensors 222 
liposomes, definition 220 
liposomes, US-assisted preparation 
applications 222 

liquid-liquid extraction, US-assisted 193 
approaches 
continuous 196 
discontinuous 194 
variables influencing 193 
liquid membrane process (LMP) 218 
lixiviation (see leaching) 

M 

maintenance, US devices 27 
mineralization 84 
motion, equations 311 

N 

nebulization 

uses, non-analytical (see aerosolization and 
aerosoling) 


nebulization (Continued) 
ultrasonic nebulizers 
efficiency 48 
matrix effects 260 

O 

oxidation reactions, US-assisted 233, 244 
oxidative stability, oil 
definition 244 

Rancimat method 244, 246-247 
oxidative stability, oil, US-assisted 233 

P 

propagation, US 
equations 311-312 
factors influencing 
gas bubbles 322 
multiple scattering 322 
particle interaction 324 
particle size 324 

pulsed fourier-transform ultrasonic 
spectroscopy, 338 

Q 

quartz crystal microbalance (QCM), 347, 382 
quartz-wind (see large scale streaming) 

R 

Rayleigh streaming, 9 
reagent generation, US-assisted, 237 
rectified diffusion, 10, 263 
reflection, US 
coefficient, 314 
relaxation, US 
equations, 328 

resonance ultrasonic spectroscopy (RUS), 325 
resonant sphere technique, 334, 356 
resonant US 
liquids, 325 
equations, 326 
solids, 326 
equations, 326 

S 

sample dissolution 
digestion (see digestion) 
dry ashing 39, 84 
fusion 39, 84 
partial 40 
selective 40 
wet 84 

sample preparation 
automation 37 
concept 35 
definition 38-39 
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sample preparation (Continued) 
heterogeneous samples 46 
liquids 44 

biocatalised reactions 45 
derivatization 44 
hydrolysis 45 
organic syntheses 45 
oxidation reactions 45 
reagent generation 45 
miniaturization 37 
misused terms 42 
solids 38 

slurry preparation 40-41,43, 

143-144 
advantages 41 
misconception 43 
sampling 35, 43 

scanning acoustic microscopy (see acoustic 
microscopy) 
scattering US 
equations 

multiple particles 319 
single particle 316 
solids 320 

thermal 315-317, 319-320 
visco-inertial 315-317, 319, 325 
schlichting streaming 158 
side effects, US devices 29 
discoloration 30 
foaming, aerosoling 29 
sterilization 30 

slurry formation, US-assisted 143 
comparison, SP methods, other 152 
devices 
baths 144 
commercial 144 
probes 144 
non-analytical 153 
subsequent steps 
atomizer, introduction 150 
cold-vapour formation 149 
hydride generation 149 
variables influencing 
particle size 145 
slurry concentration 147 
slurry stability 147 
stabilizing agents 147 
sonobioleaching (see bioleaching, 
US-assisted) 

sonochemistry 1-5, 8, 10-12, 15-16, 26, 42, 
44,227, 248-250 
sonocrystallization 176-184 
effects, US 183 
ice 183 

induction period, 178 


sonocrystallization (Continued) 
metastable zone 178 
oil 184 

supersaturation 178 
US-crystal characteristics 
US variables 180-183 
application duration 182 
frequency 180 
horn depth 182 
horn tip size 180 
intensity 180 
power 180 
sonoelectroanalysis 
applications 290 
experimental devices 287 
sonophoresis 170-176 
biological effects, US 171 
cavitational 171 
on skin 171 
streaming 171 
thermal 171 
mechanisms 170 
transport, synergistic effect, 

US 175 

US devices 175 

variables influencing sonophoresis 
171 

horn-skin distance 174 
US application time 172 
US frequency, intensity 172 
sonoprecipitation 47-48 
sonotrodes (see ultrasonic probes) 
sonozone 238 

spray drying, US-assisted, first 
step 64 

spraying, US-assisted 184-186 
sterilization, US-assisted 59-60 

T 

test sample, definition 35 
transducers, US 303 
contactless 302 
electromagnetic 303, 305 
electromechanical 12 
gas-driven 12 
high-contact 302 
liquid-driven 12 
magnetostrictive (MART) 303 
one point-contact 302 
optical, laser 305 
piezoelectric 12, 32 
two point-contact 302 
transmission, US 
coefficient (7) 314 
troubleshootings, US devices 27 
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ultrafiltration (UF) 61-62 
ultrasonic baths 
advantages/disadvantages 15 
selection 15 
ultrasonic probes 
advantages/disadvantages 20 
baths, comparison 23 
cells 21 

commercial, example 21 
components 16 
horn design 17 
selection 170 

ultrasonic attenuation spectrometry (UAS) 379 
ultrasonic diffraction grating spectroscopy 
(UDGS) 337, 381 

ultrasonic extinction spectrometry (see ultra¬ 
sonic attenuation spectrometry) 
ultrasonic relaxation spectroscopy (URS) 337 
ultrasound resonance spectrometry 334 
ultrasonic spectrometry 
range 

scan over angular 337 
scan over frequency 337 
ultrasonic time-domain reflectometry (UTDR) 
365-367 
ultrasound 

frequencies range 1, 7-8 
intensity 8 

non-analytical, uses 24 
phenomena 
attenuation 9 
cavitation effect 11, 171 
cavitation, inertial/transient 9 
cavitation, non-inertial/stable 9-10 
chemical effects 10, 70, 144 
factors influencing cavitation 5-10 
applied frequency 7 


ultrasound (Continued) 
external pressure 6 
gas, particulate matter 5 
solvent surface tension 6 
solvent vapour pressure 6 
solvent viscosity 6 
temperature 8 
mechanical effects 70, 144 
microjetting 70, 78, 100, 255, 256, 282 
microstreaming 70, 78, 100, 255, 286 
radicals formation 70, 100 
rarefaction cycle 6-8, 63 
sonoluminescence 2, 11 
streaming 2, 11 
thermal effects 171 
Urick equation 370 

V 

velocity, ultrasonic 312 
equations 312 


waves, ultrasound 89, 329 
Brillouin 266, 309-310 
compressional 309, 313-314 
leaky (see PSAW) 

longitudinal 4, 301, 310, 334, 337-338, 362 
oblique 301, 309, 334 
progressive 9 

Rayleigh 301, 309-310, 360, 364 
shear 309-310, 313, 318, 337-338, 362 
standing 9, 15, 24, 65, 74, 92-93, 154, 

157-158, 161, 255-266, 268, 273-274, 
308, 336 

surface (SAW) 306, 309, 313, 336, 341,353 
generalized (GSAW) 306, 309 
pseudo (PSAW) 306, 309 
transverse 4, 356-357, 359 



